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This  report  summarizes  the  results  of  two  efforts  dealing  with  silicone 
block  polymers.  The  object  of  the  first  effort  was  to  produce  colorless  trans- 
parent extrudates  of  bisphenol  fluorenone  carbonate-dimethylsi loxane  (BPFC/DMS) 
block  polymer  elastoplastics  suitable  for  use  in  aircraft  transparencies.  The 
objects  of  the  second  effort  were  to  assess  the  extent  to  which  silicone  incor- 
poration can  enhance  the  flame  resistance  of  organic  polymers  generally  and  to 
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develop  a better  understanding  of  the  mechanism  of  the  enhancement  already  known 
to  exist  in  polycarbonate-silicone  block  polymers 


jii  work, 


In  the  first  effort,  a continuation  of  previous  work,  a number  of  changes 
were  made  in  materials  and  procedures  that  brought  extrudate  color  intensity 
down  to  a level  almost  as  low  as  that  in  the  highest  quality,  natura I -grade  BPA 
polycarbonate  extrudates.  In  order  of  importance  these  changes  were  a)  use  of 
acetonitrile  in  place  of  nitromethane  as  a BPF  recrystallization  solvent,  b) 
removal  of  residual  methanol  from  freshly  made  resin  powder  prior  to  drying, 
and  c)  the  use  of  new  extrusion  equipment  having  smoother  surfaces  and  tighter 
to le  ranees . 

In  the  second  effort  the  enhancement  in  limiting  oxygen  index  (LOl)  was 
found  to  vary  considerably  with  composition  and  foreign  block  constitution. 
Maximum  LOl  enhancements  varied  by  family  in  the  order  BPF  polycarbonate  ••  BPA 
polycarbonate  ^ polydiphenyl  phenylene  oxide  > polystyrene  > polysulfone  > poly- 
si  Iphenylene  siloxane  = polymethylmethacrylate,  the  first  two  being  20  points 
and  the  last  two  nil.  Enhancement  seemed  to  require  a minimum  level  of  melt 
viscosity  and  the  formation  of  a residue  having  a carbon  content.  Broadly  the 
mode  of  silicone  incorporation  (i.e.,  block,  graft,  or  fine  blend)  appeared  to 
have  little  effect  on  the  synergism. 

Mechanism  studies  concentrated  on  the  BPA  carbonate  family  revealed  a 
strong  correlation  between  resin  LOl  and  pyrolytic  char  yield,  the  correlation 
encompassing  all  resins  containing  DMS  but  not  BPA  polycarbonate  itself.  How- 
ever, the  correlation  was  substantially  different  from  that  found  by  vanKrevelen 
for  a wide  variety  of  organic  polymers  including  BPA  polycarbonate,  the  block 
polymer  chars  being  superior  in  raising  LOl.  Pyrolytic  chars  from  the  block 
polymers  contained  silicon  dispersed  on  a submi croscop i c to  molecular  scale,  the 
degree  of  silicon  retention  correlating  strongly  with  pyrolytic  char  yield. 
Inter-block  products  found  in  the  pyrolysates  suggested  that  the  attack  of 
phenolic  degradation  products  on  the  carbon-silicon  bond  resulted  in  the  forma- 
tion of  a crossi inked  aromatic-silicate  network.  This  network  is  thought  to  be 
an  essential  feature  of  these  highly  effective  chars. 
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SUMMARY 

This  report  smwwrizos  the  results  of  tvvo  efforts  deoling  with  silicone 
block  polymers.  The  object  of  the  first  effort  was  to  produce  colorless 
transparent  estrudatj'S  of  bisphenol  fluorenone  c a rbona  t e-d  i methy  1 s i loxane 
(BPFC/DMS)  block  polymer  e I as t opi as t i cs  suitable  for  use  in  aircraft  trans- 
parencies. The  objects  of  the  second  effort  were  to  assess  the  extent  to 
which  silicone  incorporation  can  enhance  the  flame  resistance  of  orqanic 
polyiix'rs  generally  atid  to  develop  a better  unde  rs  t and  i nq  of  the  njechanism  of 
the  enhancement  already  known  to  exist  in  polycarbonate-silicone  block  polymers. 

In  the  first  effort,  a continuation  of  previous  work,  a number  of  chanqes 
were  made  in  materials  and  procedures  that  brouqht  extrudate  color  intensity 
down  to  a level  almost  as  low  as  that  i the  hiqhest  quality,  not ura  1 -qrade  BPA 
polycarbonate  extrudates.  In  order  of  importarice  these  chanqes  were  a)  use 
of  acetonitrile  in  place  of  nitromethane  as  a BPF  rec ry s t a 1 1 i ;at i on  solvent, 
b)  removal  of  residual  methanol  from  freshly  made  resin  pcxvder  prior  to  drying, 
and  c)  the  use  of  new  extrusion  equipnx'nt  having  smoother  surfaces  and  tighter 
to  1 e ranees . 

From  a laboratory  deve  1 opwii t standpoint  all  problems  in  the  way  of  using 
this  resin  in  high  grade  transparencies  have  been  solved.  Further  progress 
toward  comme rc i al i zat i on  would  require  pilot  plant  scale  synthesis  and 
processing  efforts.  Sonv  of  the  problems  foreseen  in  such  an  effort  are 
1 i s ted. 

In  the  second  effort  the  enhancemt'tu  in  limiting  oxygen  index  (LOl)  was 
found  to  vary  considerably  with  composition  and  foreign  block  constitution. 


Maximum  LOl  enhancemt'n ts  varied  by  family  in  the  order  BPF  polycarbonate  * BPA 


X 


polycart'onati*  '•  y d I pheny  1 pheiiylent'  oxido  ■ pol  ys.  ty  ri'iu*  ''  polysulfone 
po  I y s i I phony  U'tu'  siloxjno  - po  I ynx*  t hy  I mo  t hacry  1 at  o , tho  first  two  boimj  20 
pviints  atid  tho  last  two  nil.  Enhanconx'nt  soonx'd  to  roquiro  a ndnimum  lovol  of 
I'v  I t viscosity  and  ttio  formation  of  a ros  i duo  tia«.nq  a carbon  contont.  Broadly 
tho  nwdo  of  silicono  incorporation  (i.o.  block,  graft,  or  fitio  blond)  appoarod 
to  havo  littio  offoct  on  tho  synorgism. 

Mochanism  studios  concontratod  oti  ttu-  BPA  carboitato  family  rovoalod  a 
strong  corrolation  botwoon  rosin  LOI  and  pyrolytic  char  yiold,  tho  corrolation 
oncompassing  all  rositis  containing  DMS  but  not  BPA  pol ycarbonato  itsolf. 
Howvvor,  tho  correlation  was  substantially  difforont  from  that  found  by  van 
Krovolon  for  a wido  variety  of  organic  polynvrs  includitig  BPA  poly  carbc>nato , 
tho  block  polynx'r  chars  being  superior  in  raising  LOI.  Pyrolytic  chars  from 
tho  block  pc)lyn»‘rs  contained  silicon  dispersed  on  a submi  crciscopi  c to  molecular 
scale,  tho  degree  of  silicon  rotontic^n  coriolating  strongly  with  pyrolytic  char 
yiold.  Inter-block  products  found  in  tho  pyrolysatos  suggested  that  the  attack 
of  phenolic  degradation  prcnlucts  on  the  carbon-silicon  bond  resulted  in  the 
formation  of  a crcisslinked  aromatic-silicate  network.  This  netwe^rk  is  thc>ught 
to  be  an  essential  feature  of  these  highly  effective  chars. 


I.  0PF  CARBONATE-SILICONE  BLOCK  POLYMERS: 
PRODUCTION  OF  OPTICAL  GRADE  EXTRUDATES 


The  synthesis,  processing  and  physical  properties  of  bisphenol  fluorenone 
carbonate-dimethyl  siloxane  block  polymers  (BPFC-DMS)  have  been  systematically 
explored  here  in  previous  contracts  iith  an  eye  to  producing  a high  temperature 
aircraft  transparency  material.^*  Until  recently  the  routine  production  o*^ 
optical  grade  extrusions  has  been  severely  hampered  by  three  major  problems; 
haze,  color  and  erratic  molecular  weights  (and  thus  erratic  melt  rheology). 

Elimination  of  haze  and  the  control  of  molecular  weight  were  achieved 
routinely  in  the  previous  contract  leaving  color  reduction  as  the  major  goal  for 
that  part  of  the  current  contract  focused  on  extrudate  quality.  As  described 
below  substantial  reductions  in  extrudate  color  have  now  been  achieved  through 
changes  in  BPF  monomer  purification  and  polymer  isolation  procedures  and  the 
replacement  of  worn  extrusion  equipment. 

The  synthesis  of  the  BPFC-DMS  block  polymers  involves  three  steps:  equili- 
bration, endcapping  and  polymerization  as  shown  in  Figure  1 and  described  previously. 
1 . I BPF  Monomer  Purification 

The  influence  of  color  in  the  BPF  monomer  on  color  in  the  resulting  polymer 

[3] 

was  discussed  in  the  previous  report.  The  best  monomer  in  terms  of  low  levels 
of  both  color  and  the  undersirable  o,p  isomers  of  BPF  was  obtained  by  crystalliza- 
tion of  the  crude  BPF  product  from  a methanol -water  mixture  followed  by  repeated 
crystallization  from  n i t romethane . 

In  the  current  contract  two  multi-pound  batches  of  BPF  monomer  were  produced. 
Effects  of  hot  nitromethane  filtration  on  color  production  in  the  first  batch 
were  noticed.  Auxiliary  spectroscopic  studies  showed  conclusively  that 
hot  filtration  of  the  nitromethane  solution  always  caused  an  increase  in  color 
(Table  I),  By  contrast  prolonged  contact  with  methanol /water  mixtures  or 
acetonitrile  caused  no  increases  in  BPF  color.  In  retrospect  the  nitromethane 
color  problem  appears  to  have  been  made  more  severe  by  the  long  times  required 
for  filtration  of  the  scale-up  batches  and  the  unavoidable  contact  with  air 

Manuscript  Received  February  28,  1979 


during  these  filtrations.  Presumably  oxidation  of  some  species  is  directly 
responsible  for  the  color. 


The  second  large  batch  of  BPF  was  synthesized  by  the  standard  procedure 
and  isolated  from  the  reaction  mixture  by  crystallization  from  methanol /water. 
However,  the  crude  product  was  dissolved  in  methanol  at  room  temperature, 
filtered  to  remove  any  suspended  particulates  and  crystallized  by  suitable 
dilution  with  water  (Table  1,  entry  6).  The  isolated  product  was  quite  low 
in  color  but  had  an  unaccep tab  1 yh i gh  o, p- i somer  content.  A further  recrys ta 1 1 i za' 
tion  of  the  monomer  from  acetonitrile  reduced  the  o,p-isomer  to  an  acceptable 
level  (0.2^^)  and  resulted  in  a further  decrease  in  color.  Six  pounds  of  BPF 
(Table  1,  entry  7),  with  extremely  low  color  resulted.  This  material  was  used 
for  all  the  subsequent  polymerizations  in  work  aimed  at  color  reduction  in 
extruded  resins. 

TABLE  I 

Analytical  Data  for  Purified  BPF  Monomer 


Color  Number  x 10 


Entry 

Crude  BPF 

Recrys  ta 1 I i zat  ion 

Un  f i 1 te  red 

Fi  1 tered 

1 

o,p  (II) 

1 

Sample  1 

None 

5.  1 

0.76 

5 

2 

Sample  1 

Ni t rome thane  ( 1 X) 

6.02 

0.83 

0.4 

3 

Sample  1 

Nitromethanc  (2X) 

2.0 

1.8 

0.04 

1* 

Sample  1 

N i t rome  thane  ( 3X) 

1.8 

1.5 

0 

5 

Sample  2 

None 

l.'4 

0.6 

5 

6 

Sample  2 

Methanol /Water ( 1 X) 

0.6 

0.5 

00 

7 

Entry  6 

Ace  ton i t r i le  ( 1 X) 

0.3'< 

0.3^ 

0.2 

® Color  Number  = Absorbance  of  2.5  g 
by  concentration  in  g/l. 

BPF  in  50  ml 

of  MeOH  at 

o 

o 

nm  d i V i ded 
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I..’  Resin  Syn  t hrs  I s anil  Isolation  Moil  I t I vat  I ons 

the  iiKinoniet  havliu)  very  low  colio  ilesi' r I hoil  al'ove  was  tlist  iisnl  to  (>ie(>air 

small  i|uanli(los  ot  l»loik  polymoi  that  ylelileil  [UHVileis,  last  lllms  aiul  lompiesslon 
molillni)s  all  havini)  low  color  levels.  Howevei,  estruilates  1 1 om  these  lesins  all 

I' sti  I '■  I t eil  nn.u  cep  t at>  I V h 1 ijh  coloi  levels  (e.i).  No.  I.’,  lahle  . Iwo  i h.inijes 

weie  then  m.iile  lh.it  lesnlteil  In  a sut>stantlal  leiUictUm  in  estiviilate  loloi. 

Ihe  flist,  ii'stilllni)  t I om  the  illsiovery  ot  non-imitoim  color  il  I s t r I hut  i on  In 

est  I iiilates  , involveil  leplacement  ot  woin  extriklei  p.nts  (See  Seition  I.Sl. 

llie  seioiul  ili.iiuie,  one  In  the  polymei  Isiilallon  anil  itrylni)  (>i  oi  eihii  e , i aim- 

.IS  .1  result  ot  ttie  ohse  i vat  livi  tti.it  ii'loi  In  iither  hlsplienol  pol  y i ai  hon.it  e 

[111 

estiuilates  .iilsc's  1 1 iim  itie  use  ot  mi'tliaiu'l  iluilni)  polymer  Isolation.  Itius 

.’ /O  >1.  ot  lesln  weie  piep.iieJ  hy  the  st.iiularil  iiK'tlioil  (See  Section  l.l|)  anil 
p I ei  I [' I t .It  eil  into  a mettianol  '.ii  etone  solution  (t0//0).  Itie  Isolateil  polvmei  was 
ihoppeit  Into  piHviler  .iiul  illviileil  Into  two  eijual  paits.  One  (Hnviler  sample  (see 

lahle  , No.  Ill  was  v.icuum  itiiej  aiul  seiveil  as  a civitrol.  Itie  ottiei  ('Owilei 
s.imf'le  (see  l.il'le  , No.  IS|  w.is  ttioioinihly  washeil  hy  sluMyini)  in  watei  aiul 
then  vai  uum  ilileil:  the  estiuilate  1 1 om  t ti  I s lesIn  exhihiteil  the  lowest  coloi  ot 
.iny  RPIl'-OMS  extiuil.ite  pii'iluceil  In  any  I't  oui  woi  k witti  these  lesins.  tliHvevei  , 
ttie  coloi  ot  the  extiuileil  contiol  was  In  Ihe  sanii'  laiuie  .is  ttie  loloi  ot  iik's  t ot 
Ihe  t’K'vlous  est  1 uil.ites . these  lesults  liiillcate  Itiat  ttie  lemoval  ot  iiH-th.inol 

W.IS  lit  ijie.itei  lm[ioitance  in  leiluiiiu)  coloi  than  was  ttie  lef'lacement  I't 
est  I uile  I Pill  t s . 

Ihe  Intrinsic  visiosity  I't  ttie  wat  e i - 1 i e.il  eJ  resin  fiowilei  w.is  lisvei  than 


that  ot  Ihe  cinitiol  (O.I|l|  vs.  O.liS  ill./i|.l.  Itils  reiluition  was  tiiiiui)ht  to 
result  I rom  hyiliolytlc  ileiirail.it  I on  iluiliu)  the  iliyliui  s | .uie  . A sut'seipient 
itiaiiije  in  Itie  iliylnn  pniceiluie  (see  Sei  I lini  I . mlnimi.'eil  tills  etteit. 


TABLE  2 


Extinction  Ct>ef  f I c i en  1 5 of  Dissolved  BPFC-DMS  Ext  rudates 
Produced  in  This  and  Previous  Contracts 


1.’  rt  fcs 

• .’0  ■ •.<«» 

U'  .*n  "R  * S'* 

»n  j • r J « 

t » f OS’ 


<■  I M<n  > «•>.<  ,( 


■ I'’  ia'  •«».*.  le^. 

' *'4  I'l.l  I V 

\ s K»1 


4t4a»'  i*la>r  ( t| 


>■  n.  I 


U ','S 


i:  n u 

.q  a, 


Pa  « I-  Xaa-et 

h • ti  ri  at  M I 
• I ita  at  ai«ea1 


• S Pit  taa  r «a  a-|a| 

liaMa*  a . la  «a  > * I aaiafia  a 


S‘  i>n  • 


e oa  It  ,«  ,.*lta1en.|1h  .rll  ,la«i,lrth«  > ,a.a.  e-' I ' at  I a ,va  ..a  I 41  ■ tvr«r>a.|lh  ri.l  .«f.a 
/ . la  ,<  aef  I . tiS  a !»>  .1 


at  atta,  la  tt  •!  t . > • a|ta|  taqia  .1  naa  >4 a a 

!•  *aalaa|  aaan  41  JS  ‘a 


Subs<'m.it'iit  ly  thr  ftfrct  ol  lutai  I'xiliisioi)  o1  I nwi  Uio 

pr«’(Kit  Jt  ioo  w,»x  ('xplored.  Rt”.  i m (T.il'lr  , Nvi.  17^  was  piopaioil  I'y  thi'  st.iiutaivl 
iik’tMoi)  (Si'ctioii  l.l«).  Howt'voi  latiu'r  tliaii  I'oiiia  pi  rc  i p i I at  ovl  in  iih' t luinn  1 /a<  o t onn 
solution  tho  waslu'ii  and  dried  piilymei  solution  was  evapoiated  t»'  aive  a polvmei 
film.  Since  the  tllm  was  ha/y  it  was  tlien  suhjected  to  soxhlet  I’xtiaition  w i 1 1> 
dimethoxy  iiH'thane^*^  to  reiiK'vve  the  cyclic  I'Pf  cail'onates  ttioualit  to  I'e  tlie  lause 
of  the  ha/e.  fire  resin  was  t Iren  chopped  in  a Waiiiu)  hlendei  wliile  still  wi't 
with  extraction  solvent  (wiiich  makes  comminution  much  easii'il.  Afti'i  divina 
the  resin  was  extruded  as  hetore.  The  coloi  of  the  extiudate  was  slialitls 
areater  tlian  the  color  of  tlie  lesin  sluiiled  in  water  to  i enxive  metfianol  hetoie 
d ry  i n a • 

Tims  these  experiments  sluxv  clearly  tliat  methaiuil  in  the  ic'sin  at  the 
liiiH'  ol  dryina  results  in  sul'stanlial  exiruilate  coloi.  Ihe  watei  sluiiyina 
nH’fhod  appears  to  reiiMve  all  f rai  <'s  of  nx'fhanol,  al  least  to  t lu'  extent  tliat 
extrudate  cohn  is  an  indicator  of  such  ii'OKival. 

l.T  Block  rolynwr  Syntliesis  Scale-up 

For  a larae  scale  extrusion  tfiixniah  a I'ai  die  (Si’rtitvi  I.Sl  in  wliiili 
production  of  optical  flat  stock  was  the  aoal;  ll's.  ot  lesin 

were  produced.  Because  ot  eauipment  limitations  and  the  necessitc  ti'i  continu 
ous  non-stop  polymeri /at  ion  .»nil  wotku|'  li'  preserve  tire  iix>leculai  wt'ial't  ot  tire 
polymer,  2/0  a'"  was  selected  as  the  maximum  sinale  hatcli  si/e.  A m.ister  I'atct' 
of  eauilihrated  d i ch 1 oros 1 1 i cone  fluid  was  prepaied  and  used  to  make  two 
separate  hut  identically  formulated  hatcties  of  Bl't -endi  apped  silicone  fluid 
wli  i ch  in  turn  were  used  in  four  independent  pol  vi'H' r i /at  i ons  . 
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Each  pol  ynie  ri  zat  ion  wab  conducted  using  the  previously  developed  procedure 
(See  Section  1.^)  and  each  isolated  polymer  was  extracted  with  water  to  remove 
residual  methanol  before  drying.  These  preparations  incorporated  all  the  tech- 
nology developed  to  insure  molecular  weight  integrity  and  provide  polymer  with 
the  lowest  possible  color.  The  polymer  drying  procedure  was  modified  compared 
to  previous  work  to  minimize  molecular  weight  degradation:  Drying  was  carried 
out  under  vacuum  in  three  stages  for  2^  hours  each  at  25”,  *<0°  and  85"C. 

The  first  three  polymerizations  done  in  this  scale-up  used  the  same  quantity 
of  chainstopper  (0.73  nrale  %)  and  provided  block  polymers  with  virtually 
identical  intrinsic  viscosities  (Table  2,  Nos.  lft-21).  In  the  fourth  the  chain- 
stopper  level  was  decreased  to  raise  molecular  weight  in  order  to  assess  effects 
of  increased  melt  viscosity  on  extrudate  color. 

1 . *4  Experimental 

1.^.1  Synthesis  of  Bisphenol  Ftuorenone 

Into  a 12-  f round-bottom  flask  fitted  with  paddle  stirrer,  thermo- 
meter, gas  inlet  tube,  reflux  condenser,  and  nitrogen  bypass  was  placed  2720  g. 
of  9-fluorenone  (15.09^  moles),  56814  g.  of  phenol  (60.40  moles),  and  20.60  g. 
of  3-n4crcaptopropi  on  i c acid  (O.I9I43  mole). 

While  kept  under  a nitrogen  atmosphere,  the  reaction  mixture  was  heated 
to  85.8"C  to  effect  complete  solution.  Forty-four  (4*4.0)  grams  (I.O96  mole) 
of  hydrogen  chloride  was  bubbled  into  the  solution  and  external  heating  was 
stopped.  The  attendant  mild  exotherm  carried  the  solution  temperature  to  98”C 
over  the  next  40  minutes.  The  reaction  was  heated  at  90”C  for  8 hours  and 
cooled  to  room  temperature.  BPF  crystallized  from  solution  at  90”C. 

The  reaction  mixture  was  dissolved  in  8 "f  of  nx'thyl  alcohol  and 
filtered.  The  filtrate  was  placed  in  a 22  - C round-bottom  flask  and  7.5  ? 
of  water  was  added  with  stirring.  The  reaction  mixture  was  heated  to  reflux 
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(S^^C),  to  effect  J clear  solution,  ami  allowed  to  cool  slowly  with  seedin']. 

The  wli  i te  crystals  which  formed  were  isolated  hy  filtration,  washed  on  the 
filter  with  800  ml  me  thano  I /wate  r (I:  I hy  volume)  and  dried  ^0  hours  at  f>0‘’C 
and  lO  mil  Hg,  to  give  37*tb  gm  (70.0'7)  ol  crude  product.  The  nu'lhanol -water 
filtrate  was  highly  colored.  Rec ry s t a I I i za t i on  of  this  solid  from  nn-thanol- 
water  gave  3^0A  gm  or  (6^.^'*',)  of  white  crystals  with  low  color  hut  an  unacceptahly 
high  o,p  isonx'r  level  (3.8?.).  An  additional  recryst  al  I i /at  ion  of  this  solid 
from  acetonitrile  (I  g.  OPF/lt.3  nil  acetonitrile)  provided  ?008  g.  {bh.^^?)  ol 
very  pure  BPF  nKinomer  with  lov'/  color  and  low  o,p  isomer  content.  Isolation  of 
second  crops  of  product  was  not  attempted  in  any  of  the  above  recrys ta I I i /at  ions . 


1.4.2 


ed  S i 1 i cone  Fluid 


All  glassware  was  flame  dried,  placed  in  a nitrogen-swept  drying  oven  at 
I00"C  for  four  hours  and  stored  in  the  inner  chamber  of  a nitrogi'ti  drybox  for 
about  15  hours.  All  plastic  equipment  was  treated  in  a similar  tashion  hut 
with  flame  drying  eliminated.  The  oct  ame  thy  I cy  c lote  t ras  i loxane  (Pj^)  and 
d i ch lorod i me  thy  1 s i 1 ane  were  freshly  distilled  through  a 2-foot  Vigreaux 
column,  under  nitrogen. 

A solution  of  0.32  g (0.02?  hy  weight)  of  Fi’Cl^  • 6H2O,  1426.4  g (2.4  mol) 
of  D(^,  and  161.2  g (1,25  mol)’'  of  d i ch  I orome  thy  1 s i 1 ane  was  prepared  hy 
successive  additions  to  a half-gallon  bottle  in  a drybox  and  the  bottle  was 
then  sealed  with  a polyseal  cap.  The  bottle  was  removed  from  the  drybox, 
covered  with  aluminum  foil,  and  heated  in  a n i t rogen- f 1 ushed  drying  oven  for 
24  hours  at  48‘’C.  The  fluid  was  then  placed  back  in  the  drybox  for  24  hours 
and  was  new  ready  for  use. 


’'NOTE;  Til  i s weight  of  d i ch  lorod  ime  thy  1 silane  was  mistakenly  entered  as  80,65 
gm  (0.625  mole)  in  the  previous  contract  report.  The  correct  value 
should  have  been  161.2  g (1.25  mole)  as  recorded  above. 
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1.^.3  Synthesis  of  Endcapped  Silicot'e  Fluid 

Glassware  and  plastic  equipment  were  dried  and  placed  in  the  n i t roqen 
drybox  as  described  above.  Di ch I oroethane  was  stirred  over  calcium  tiydride 
for  at  least  two  days,  distilled  through  a 2 -foot  bubble  cap  column  under  nitrogen 
and  placed  in  flame-dried  round-bottom  flasks.  Tfie  BPF  was  dried  for  hours  at 

and  10  mm  Mg,  24  hours  in  a n i t rogen- f 1 ushed  oven  at  1I0“C,  and  [ilaced  in 
the  nitrogen  drybox  while  still  hot. 

Into  a 5 -?  round-bottom  flask  (in  the  nitrogen  drybox)  fitted  with 
paddle  stirrer,  was  placed  315.3  g (O.O  mole)  BPF  and  2.7  ? d i ch  loroethatie* 
(freshly  distilled  as  described  above).  All  ground-glass  joints  were  used 
without  lubricant.  The  stoppered  flask  was  removed  from  the  drybox  and  fitted 
under  nitrogen  with  a "y"  9 os  inlet  tube,  thermometer,  and  nitrogen  bypass. 

Ammonia  (21.0  g,  1.24  mol)  was  bubbled  into  the  slurry  over  a 10-minute 
period  and  a clear  water/white  solution  obtained. 

(R) 

In  the  drybox  an  additional  funnel  with  To f 1 on'*^  s topcock , was  charged 
with  361.4  g (0.31  nxale)  of  equilibrated  d i ch 1 oros i 1 i cone  fluid  (previously 
described)  and  300  ml  of  d i ch 1 oroe thane . The  addition  funnel  was  then  removed 
from  the  drybox;  the  gas  inlet  tube  was  removed  from  the  flask  (under  slight 
nitrogen  pressure)  and  replaced  with  the  addition  funnel.  The  di ch loros i 1 i cone 
fluid  was  added  to  the  solution  of  BPF-ammonia  complex  over  a 20-minute  period 
during  which  time  the  temperature  of  the  reaction  rose  from  23  to  4l‘’C.  A 
purple  suspension  was  obtained  after  this  addition  was  complete.  The  reaction 


* The  BPF-ammonia  complex  tends  to  precipitate  out  if  less  solvent  is  used. 
Heterogeneity  in  this  reaction  leads  to  polymers  whose  cast  films  are  hajy; 
homogeneous  conditions  provide  polymers  which  give  optically  clear  films. 

t A resultant  green  color  at  this  stage  signifies  that  additional  amnxm  i a is 

needed.  Additional  ammonia  was  not  required  in  any  endcapped  fluid  preparation 
in  the  current  contract  work. 

^Teflon  Is  a registered  Trademark  of  the  E.l.  OuPont  DeNenKHirs  f.  Congviny 
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mixture  was  stirred  at  room  temperature  for  one  hour  and  then  heated  to  reflux 
(8I°C)  for  two  hours  after  which  time  the  suspension  was  white  and  the  solution 


pH  was  7.1. 

The  reaction  mixture  was  cooled  to  room  temperature  and  1 . of  H^O 

added.  The  resulting  solution  was  acidified  to  pH  = 3.8  by  the  addition  of 
10  drops  of  12  N HCl  to  the  well  stirred  solution.  If  a clear  solution  was 
not  obtained  at  this  point,  then  sufficient  reagent  grade  acetone  was  added 
to  achieve  a homogeneous  solution.  The  aqueous  layer  was  removed  by  means  of 
a If-l  separatory  funnel  equipped  with  Teflon  stopcock,  and  discarded. 

The  solution  was  washed  once  more  with  acid  at  pH  3.5,  five  times  with 
deionized  water  (pH  = 6.5),  once  with  dilute  sodium  bicarbonate,  and  finally 
with  water.  The  solution  was  then  dried  over  magnesium  sulfate,  filtered,  and 
evaporated  to  dryness.  The  residue  (666  g,  103^  of  theory)  was  then  redissolved 
in  a mixture  of  3^80  ml  of  ethanol- free  chloroform  and  50  ml  of  acetone  and 
stored  in  an  a 1 urn i n urn- fo i 1 -wrapped  bottle  in  the  nitrogen  drybox.  (Acetone 
was  added  at  this  point  to  dissolve  the  BPF.)  The  concentrations  of  polymeri- 
zable (i.e.  free)  BPF  and  BPF  end-stopped  silicone  in  solution  were  0.0298 
g/ml  and  0.157^  g/ml , respectively. 


l.A.l<  Synthesis  of  BPF  Carbonate-Dimethylsi  loxane  Block  Copolymer 

The  glassware  was  thoroughly  washed  with  aceLone  and  dried  one  hour  in  a 
nitrogen-flushed  oven  at  llO^C. 

Into  a 5-4,  5-neck,  round-bottom  vessel  was  placed  150.0  g of  BPF  (0.1»29  mole), 
99^  ml  of  endcapped  ^ i I i cone]  f 1 u i d solution  (containing  29.6  g (O.O8I46  mol)  of 
BPF  and  156. A g ( 0.0873  mol)  Oj^  endcapped  fluid],  1150  ml  CHCl^ 

(B&J  ethanol-free)  , 0.1*00  g (0. 001*26  mole)*  phenol,  0.50  g (0.00229  mole) 

* The  weight  of  phenol  constituted  a chain  stopper  level  of  0.71  mole  Z based 
on  moles  of  reactive  BPF. 

Burdick  & Jackson  Co. 


sodium  gluconate  dissolved  in  l.OC 


H^O,  and  2.00  ml  (0.01^3  ntole)  triethyl- 


amine.  The  stoichiometry  of  this  polymerization  reaction  was  designed  to 
provide  a block  polymer  containing  27.3  wt.  Z silicone.  (Found:  2b. 7 wl.?.  silicone. 

The  reactor  was  equipped  with  a paddle  stirrer,  nitrogen  bypass, 

pH  electrode,  gas  inlet  tube,  and  an  addition  funnel  containing  a solution  of 
2 40  g of  sodium  hydroxide  in  500  ml  of  water.  This  quantity  of  base  corresponded 
to  250%  of  the  theoretical  anwunt  required  to  effect  neutralization  of  the 
polymerization  reaction.  A portion  of  the  base  solution  was  added  to  the 
reaction  mixture  to  obtain  a pH  of  11,  and  phosgene  addition  was  initiated  at  a 
rate  of  3-5  g/h.  Shortly  after  the  addition  was  started,  a considerable 
anwunt  of  white  solid  precipitated  from  the  mixture,  and  stirring  became 
difficult.  After  approximately  20%  of  the  total  aqueous  sodium  hydroxide  had 
been  added,  stirring  was  considerably  improved,  and  a honKigeneous  solution  was 
observed  when  50%  of  the  total  aqueous  base  was  introduced.  Aqueous  sodium 
hydroxide  and  phosgene  were  added  simultaneously  to  maintain  a pH  of  11.0  * 

0.2. 


After  60%  of  the  total  base  was  consumed  (elapsed  time  of  27  min.)  the 
phosgene  rate  was  reduced  to  1.0  g/min.  and  continued  until  the  entire  amount 
of  base  was  consumed;  this  corresponded  to  a total  reaction  tinx'  of  111  minutes. 
Nitrogen  was  bubbled  through  the  water-white  two-phase  system  (pH  11)  for  5 
minutes  to  remtive  any  residual  phosgene.  The  reaction  mixture  was  diluted 
with  an  equal  volume  of  CHCl^;  the  aqueous  layer  was  separated  and  discarded. 

The  organic  layer  was  washed  with  deionized  water  (pH  » 6.7),  with  aqueous 
HCl  at  pH  ■ 2.0,  and  four  timt's  with  deionized  water.  The  last  wafer  wash 
was  tested  for  pH  and  with  silver  nitrate  for  chloride  ion.  If  chloride  was 
present  or  pH  was  less  than  6.5,  water  washing  was  continued. 
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Tho  organic  layer  was  dried  over  magnesium  sulfate  and  filtered.  The 
resulting  clear,  colorless  solution  was  added  over  a period  of  60  minutes  to 
a well-stirred  mixture  of  7 ^ acetone  and  3.5  ^ nx'thanol  to  effect  precipitation 
of  the  polynwr.  Prior  to  the  precipitation  of  the  filtered  solution,  25  ml. 
were  sampled,  from  which  two  films  were  cast  by  allowing  the  solvent  to  evaporate. 
The  solutioiA  cast  films  were  water-white  and  optically  clear.  Following  pre- 
cipitation, the  fibrous  polymer  was  filtered,  chopped  up  in  a Henschel  mill, 
washed  with  7 ^ of  water  and  refiltered.  The  filter  cake  was  vacuum  dried  in 
three  2k  hour  increments;  at  room  temperature,  kO°C  and  SO'C  to  give  26.71  g- 
(78.3't)  of  polymer.  The  entire  operation  consisting  of  pol  ymt*  r i zat  i on  , washing. 
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precipitation  and  drying  was  done  in  a continuous  non-stop  fashion 
molecular  weight  reduction,  (See  page  9 of  the  previous  contract 


to  minimize 
report . ^ ) 


1 . 5 Extrus ions 

As  in  the  previous  contracts  all  extrusions  were  carried  out  with  a 
Brabender  extruder  and  a 2:1  compression  screw.  The  small  scale  resins  were 
extruded  through  a 1/8"  rod  die  as  before.  The  four  270  g batches  were  extruded 
through  the  1/8  x 'i/k  in.  bar  die  used  before  with  large  scale  extrusions. 

Barrel  and  die  temperatures  were  310  - 350“C  for  the  most  part. 

The  K-Tron  feeder  was  used  to  control  feed  rates  to  the  extruder  hopper. 

As  before  feeding  was  set  at  a starvation  level  until  extrudate  appeared  at 
which  point  the  feed  rate  was  raised  gradually  to  the  flood  level. 

Most  of  the  resins  were  powdery  or  fibrous  and  somevvhat  caked.  The  feeding 
of  these  was  often  difficult  due  to  bridging  in  the  extruder  hopper.  Continuous 
stuffing  was  often  regui red  to  pack  enough  resin  into  the  extruder  throat  to 
prevent  starvation  conditions  and  a conseguent  increase  in  residence  time 
inside  the  barrel , 
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Ars)on  b 1 jdko  t i nq  of  resin  from  the  K-Tri>n  tiopper  to  ttie  extruder  throat 
was  effected  as  before  with  various  make-shift  fabrications  of  aluminum  sheet, 
polyethylene  film  and  funnels,  tape,  etc. 

The  extrudate  of  9-14-77  (Table  2,  No.  12)  exhibited  substantially  tix»re 
color  than  did  a conifiression  nwldinq  made  f roni  the  same  pcxvder.  Two  quarter 
inch  lenqths  of  extrudate  were  thus  qround  and  polished  to  produce  optically 
flat  cylinders  that  could  be  inspected  in  the  axial  direction  by  transmission 
light  microscopy.  In  each  piece  the  color  was  found  to  be  concentrated  in  two 
regions;  a surface  region  5 or  10  mils  thick  and  an  axial  core  roughly  30  mils 
in  diameter  (Fig.  2).  These  color  concentrations  and  an  inspection  of  the 
equipment  suggested  that  the  surfaces  of  the  extruder  screw  and  die  were 
responsible  for  nxist  of  the  color.  It  seenvd  likely  that  worn  and  rough  surfaces 
caused  excessive  residence  times  of  small  portions  of  resin  allowirig  color- 
producing  reactions  therein  to  accelerate. 

These  extruder  parts  were  replaced  with  new  ones  resulting  in  a iiH'asurable 
color  rediction  (Resin  10-20-77A). 

The  first  three  c>f  the  2 70  g.  batches  were  extruded  in  tandem.  Screw  speed 
was  70  RPM  and  about  90  minutes  were  required  to  extrude  these  res  iris.  Set 
temperatures  in  the  barrel  were  320"C  (first  stage)  and  330  to  340''C  (second 
stage).  Die  temperature  was  set  at  340‘'C  initially  but  gradually  raised  to 
3h0"C  to  improve  extrudate  surface  simiothness . 

Color  levels  increased  slightly  toward  the  end  of  the  run  due  to  the 
higher  set  temperatures,  a gradual  accumulation  of  degradation  products  in 
the  extruder  or  perhaps  to  a small  intrinsic  difference  between  the  second  and 
third  res i n . 

The  matt  finish  on  the  extrudate  surface  disappeared  on  raising  the  die 
temperature  to  390'’C.  Die  lines  and  faint  chatter  markings  persisted  throughout 


the  run  however. 
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A two-inch  piece  of  12-28-78  extrudate  produced  at  a die  temperature  of 
355“  was  ground  flat  polished  to  an  optical  snx3othness  on  both  surfaces.  Photo- 
graphs at  long  and  short  range  focus  taken  through  this  piece  as  a window 
(Figs.  3a  and  b respectively)  denxjnstrate  the  low  levels  of  haze  and  absence 
of  the  fine  grain  optical  distortion  discussed  in  the  previous  report. A 
few  tiny  bubbles  and  black  specks  are  the  most  noticeable  defects.  Optimized 
very  large  scale  extrust  ions  should  be  free  of  these  defects. 

The  extrusion  of  the  last  of  the  270  g batches  I-3I-78  was  unsuccessful 
due  to  the  excessive  molecular  weight  of  this  resin.  Temperatures  of  barrel 
and  die  were  raised  gradually  to  A00“  and  l4l5“C  without  producing  a smooth 
extrudate.  Interestingly  only  modest  color  increases  were  observed  at  the 
higher  temperatures,  however;  e.g..  Section  21.5  extruded  at  350  to  370°C 
exhibited  extinctions  only  50^  greater  than  those  of  the  best  sections  of  the 
previous  three  resins.  This  result  seems  to  attest  to  the  improvements  in 
resin  quality  mentioned  earlier  and  to  the  intrinsic  lack  of  color  forming 
tendencies  in  highly  pure  BPF  carbonate  resins. 

1 . 6 Summary  of  Resin  Quality  Work 

BPFC-DMS  block  polymers  of  a quality  necessary  for  opt i ca 1 -grade  extrusions 
have  been  reproducibly  synthesized  at  the  half  pound  scale.  Specifically  their 
molecular  weights  are  reproducible,  and  the  extrudates  produced  from  them  are 
low  in  haze,^'^  free  of  optical  distortion  and  are  essentially  colorless.  More 
specifically  perceived  color  in  the  extrudates  is  reproducibly  nearly  as  low 
as  that  of  extruded  high  quality  na tura 1 -grade  Lexar^^  pol ycarbonate  (i.e.  on 
the  log  intensity  scale--to  which  the  eye  responds  1 i near  1 y--t he  1 r color  is 
about  one  half  unit  greater). 


exan  is  a registered  trademark  of  the  General  Electric  Company 
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Hdzo  reduction  and  nwlecular  weight  control  were  achieved  in  the  previous 
contract.  The  reductions  in  color  achieved  reproducibly  during  the  current 
contract  result  chiefly  from 

• Use  of  acetonitrile  instead  of  n i t ron)ethane  for  monomer 
recrys  tal 1 i zat ion . 

• Removal  of  residual  methanol  before  extrusion. 

• New  extrusion  equipment  having  smoother  surfaces  and  tighter 
toleran ces. 

1 . 7 Future  Developmental  Work 

It  is  felt  that  a temporary  limit  has  now  been  reached  in  extrudate 
optical  quality.  This  limit  has  been  set  by  several  factors  that  would  have 
to  be  addressed  if  a further  effort  were  to  be  made  to  produce  high  quality 
sheet  for  aircraft  transparencies.  These  factors  are: 

1 . Extrudate  Finishing 

As  with  other  commercially  extruded  optical  quality  sheet 
products,  polishing  and  take-up  equipment  of  appropriate  size  will 
be  necessary  to  develop  the  capability  to  produce  flat  snxx)th  sheets 
uni forml y . 

2 . Extruder  Equipment 

Further  extrusion  scale-up  and  optimization  will  require 
extrusion  equipment  that  is  larger  and  more  sophisticated  than  the 
Brabender  extruder  with  its  limited  temperature  profile  capabilities 
and  simple  screw  configurations.  It  is  desirable  that  future  work 
include  assessment  of  various  sheet  die  and  screw  designs  and 
temperature  profiles. 
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3.  Resin  Feed 

Large  continuous  well-controlled  extrusions  will  require  elimin- 
ation of  the  resin  feed  problems  associated  with  the  use  of  powdery 
and/or  fibrous  resins.  Three  alternative  means  for  solving  this 
problem  appear  to  exist:  a)  use  of  resin  granules  )roduced  by  steam 
precipitation,  a method  previously  found  practical  with  quantities 
of  resin  larger  than  those  processed  in  this  contract;  b)  compaction 
of  powdery  or  fibrous  resins  into  tablets  or  "pills”  of  1/8  in,  dia. 
roughly  using  a commercially  available  tablet  producing  machine;  c) 
use  of  an  auxiliary  solids  extruder  connected  tightly  to  the  feed 
section  of  the  melt  extruder. 

I4.  Resin  Volume 

Reproducible  batches  of  resin  at  the  20,  100  and  500  lb.  scale 
will  be  required  eventually  for  development  work.  (Commercial 
extruders  producing  4 ft.  wide  polycarbonate  sheet  require  roughly 
300  lbs.  of  resin  during  start-up  before  the  extrusion  line  variables 
are  all  optimized.)  These  volumes  of  resin  will  require  the  dedication 
of  resin  production  equipment  of  pilot  plant  scale. 

5.  BPF  Monomer  Scale-up 

BPF  monomer  is  easily  synthesized  in  large  quantities.  Serious 
problems  however  exist  in  purification  and  subsequent  handling  of  this 
material.  These  problems  arise  from  the  intrinsic  dermatological 
effects  of  BPF  coupled  with  the  powdery  nature  of  the  purified  solid 
produced  to  date. 


Scale-up  would  require  one  of  three  alternatives  to  current 
procedures:  a)  remote  handling  of  the  dry  solid  in  a separate  building; 
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b)  a change  in  crystallization  media  and/or  temperatures  that  would 
result  in  the  production  of  much  coarser  crystals;  c)  development  of 
the  ability  to  use  wetted  solid.  Though  wetting  obviates  the 
production  of  dust  (which  is  responsible  for  much  of  the  dermato- 
logical problems  experienced),  the  presence  of  the  liquid  complicates 
the  control  of  stoichiometry  in  subsequent  reactions. 

None  of  the  problems  outlined  above  is  technically  formidable.  All  are 
similar  to  difficulties  faced  in  the  scale-up  of  other  sheet  resins  to 
commercial  levels.  Further  progress  requires  simply  a need  great  enough  to 
justify  the  necessary  commitment  of  people  and  investment  capital. 
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2.  FLAMMABILITY  OF  SILICONE  BLOCK  POLYMERS 

A syneri)ism  In  the  Fonn  i moro-Mjrt  i n limitiiu)  OKyqnn  indi-x  hos  Bonn  found 

[2] 

previously  in  tBe  BPF  cnrhonate-s  i 1 i cone  Block  polyiiK’r  f.imily.  Auxiliary 

investigations  suggested  tliat  tBe  enBanct'nx'nt  in  LOI  Brought  aBout  By  silicone 
incorporation  in  BPFC  resins  resulted  from  tBe  production  of  continuous  layers  of 
silica  that  retarded  oxidation  of  tBe  char.^^^ 

In  the  current  contract  the  silicone  dependence  of  LOI  has  been  surveyed 
in  each  of  several  families  of  silicone  copolymers  In  order  to  assess  the 
generality  of  the  LOI  synergism.  An  added  motive  in  this  survey  has  Been  to 
help  develop  an  unde rs t and i ng  of  the  role  of  the  non-silicone  portion  of  the 
resin  in  the  synergism.  In  addition  to  Block  polynu'rs  a number  of  graft 
polynvrs  and  ptilynn'r  Blends  have  Been  tested  to  aid  in  assessing  the  importance 
of  component  dispersity. 

Auxiliary  studies  have  Been  focused  principally  on  the  BPA  polycarbonate- 
silicone  block  polymer  family  in  order  to  explor<'  the  mechanism  of  LOI  enhance- 
ment in  depth. 

Each  family  of  resins,  defined  By  the  "hard"  polymeric  species  involved 
together  with  types  of  suBlamilies  tested  (Blocks,  grafts.  Blends),  is  listed 
below  in  approximate  order  of  importance  in  this  study. 

1.  Bisphenol  fluorenone  polycarbonate:  Block  polynx'i's; 
blends  of  hoiixipolyriH'rs  with  Blocks,  with  silicone  gum  and 
with  silica  gel. 

2.  Bisphenol-A  polycarbonate;  Block  polynx'rs. 

3.  Polystyrene:  Block  polym<'rs, 

Polynx'thyl  methacrylate;  Block  and  graft  polynvrs. 


5.  Poly (2 ,6-d i pheny 1 phenyleiu’  oxide):  Block  polymers;  Blends 
of  homopolynx'r  with  Block  polymers  and  with  silicone  gum. 
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6.  Mi  scellaiH'Ous : One  or  two  block  polymors  of  tlu-  followint); 
po 1 ys i 1 phony  1 one  siloxane,  copolyothor  from  il i ch 1 orodi phony  I 
sulfont’  and  bisphonol-A,  50/50  copolycorbonato  from  bisphonol-A 
and  tetrabromo  bisphonol-A. 

All  of  the  matorials,  oxcopt  tho  sulfono  matorials  woro  mado  witbii\  tho 
Gonoral  Eloctric  Company , mostly  in  various  proprams  prior  to  tho  contract.  A 
few  block  polymers  and  all  of  tho  blonds  woro  mado  undor  this  contract  s(>oc  i f i ca  I I y 
for  this  flammability  study. 

2 . 1 Synthesis  of  Block  Polymors  for  Flammability  Studios 

A number  of  BPF  carbonat  o-and  BPA  carbonato-s  i I i cone  block  polyiiH'rs  woro 
prepared  in  100  p quantities  specifically  for  flammability  studios  in  order  to 
complete  a composition-block  lopnth  prid  for  each  family.  Tho  procedures  used 
were  those  described  in  Sectioti  1 . with  tho  followinp  exceptions: 

1.  Equ  i I i b rat  ion  : Tho  ratio  of  to  d i ch  lorod  i mo  thy  1 silane  was 
varied  to  pive  the  desired  silicone  olipomor  lonpth. 

2.  Endcappi ng : For  the  BPAC-DMS  resins  bisphonol  acetone  was  used 
in  place  of  BPF  in  fluid  ondcappinp. 

3.  Polymeri zat ion:  a)  BPA  was  used  in  all  BPAC-DMS  rosins.  Those 
resins  and  all  BPFC-DMS  resins  of  silicone  content  proator  than 
20!i  were  precipitated  in  methanol  rather  than  acotone-nit'tbanol 
mixtures  (the  latter  result  in  pummy  precipitates),  b)  The 
ratio  of  endcapped  silicone  fluid  to  bisphenol  was  varied  as 
necessary  to  produce  a polymer  of  the  desired  silicone  content. 

The  products  are  listed  in  Table  3.  (intrinsic  viscosity  variations  in 


each  series  of  resins  resulted  from  the  f.ict  that  in  each  series  a number  of 


TABLE 
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ondcapped  silicone  fluids  were  requ i red--one  for  each  silicone  block  length. 

For  none  of  these  fluids  were  polymer  intrinsic  viscosity-chain  stopper  relation- 
ships determined.) 


2 . 2 Limiting  Oxygen  Indices 

The  tables  below  list  all  the  materials  tested,  their  compositions  and 
molecular  characteristics,  molding  temperatures  and  limiting  oxygen  indices. 


2.2.1  Bisphenol  Fluorenone  Polycarbonate  (BPFC)  Family 


Table  summarizes  all  the  materials  and  test  results  for  this  family 
obtained  in  this  atid  previous  contracts. 

Several  blends  of  BPF  polycarbonate  with  s i 1 i cone- r i ch  BPFC/DMS  block 
polymer  and  with  SE-30  silicone  gum  were  made  by  dissolving  the  two  components 
in  chloroform  ('-7'o  wt./vol.)  and  coprecipitating  by  pouritig  in  a thin  stream 
into  3 to  5 volunK's  of  stirred  nk'thanol.  Following  filtration,  trituration  in 
fresh  methanol  and  washing  with  water,  these  blends  were  dried  in  vacuum  first 
at  room  temperature  and  then  at  temperatures  up  to  130"C.  The  blend  of  BPF 
polycarbonate  with  Cabosil  silica  gel  was  prepared  by  adding  the  latter  to  a 
chloroform  solution  of  the  former  and  casting  a film  from  this  solution.  The 
film  was  vacuum  dried  at  temperatures  up  to  200‘’C  and  comminuted  dry  in  a 
Waring  blender  in  preparation  for  molding. 

All  LOI's  are  plotted  vs.  elemental  silicone  content  in  Fig.  4.  A maximum 
in  LOI  is  reached  at  roughly  St.  silicone.  With  the  exception  of  one  block 
polymer,  maximum  LOI's  were  46  to  61  as  before.  This  level  was  achieved  over 
the  range  4?;  to  12'<;  elemental  silicon  for  all  materials  containing  silicone 
regardless  of  the  details  of  its  incorporation  (i.e.  DMS  block  length;  pure 
block  polymer  vs.  blend  of  honxipolymer  with  block  polymer  or  silicone  gum). 


TABLF 


BPF  Carbonate  Family:  Rrsins j 
jnci  Limit  I lu)  Oxyy 


Tomporaluro 
fii  Itidicos 


Des 1 qn 

Mol  dine,’' 

Moldinq 

Code 

Type  Wt 

.t  DMS 

D.P.,^ 

Me Ihod 

T("C) 

BPFPC’ 

HoinopolynK'r 

0 

c 

350 

q824-97B-x' 

B lock 

7.5 

10 

c 

310 

q824-10IA-x' 

Block 

8.  7 

10 

c 

- 320 

100S3-129b' 

B 1 ock 

23 

19 

i 

'32S 

100S3-129B 

B 1 ock 

23 

19 

c 

310 

100S3-132C^ 

B 1 ock 

2 4 

19 

i 

- 325 

10S3-132C  , 
10053-i36C' 

B lock 

2 4 

19 

c 

310 

B 1 ock 

21.5 

19 

i 

310 

IOOS3-136C 

10053-ISI 

Block 

21.5 

19 

c 

310 

B 1 ock 

16 

19 

i 

'•32  s 

10053- 135 

B lock 

46.7 

20 

c 

260 

11-9-77 

B 1 ock 

42.3 

30 

c 

-260 

n-n-77 

Block 

19.3 

30 

c 

-330 

1 

1 

'■sj 

'•J 

Block 

17.4 

7 

c 

-2  70 

12-16-77 

Block 

41 

7 

c 

300 

4-13-78 

B lock 

62.4 

15 

c 

- 

10846- 124-A 

Blend  w/ 

4-13-78 

20 

IS 

c 

370 

10846-124-B 

B lend  w/ 

4-13-78 

10 

15 

c 

400 

10846-\24-C 

Blend  v^/ 

4-13-78 

30 

IS 

c 

400 

10846-131-A 

Blend  wi th 

PDMS  qum 

25 

c 

300 

10846- 126 

Monopoly  me  r + 
$102(16.7  wt.T.) 

0 

— 

c 

370 

^tested  in  previous  contracts 
*c  ■ compression,  i ■ injection 


lOI 

3^  * 1 
'rS.  3'  • ^ 
‘jO.3 
^8. 5'. 5 
Ir8.4 

48.  Ir 
SO*. 2 
■■.2  . 3 ' . 7 
SO . 7 • . 4 

42 

43 
40 

S8,St 1 .S 
46*  .S 
38 

SO. 4.  1 . 3 

48. 4*. 7 

40.7 
47.0» .6 
36.8< .8 
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Beyond  about  12^^  elemfntal  silicon  a roughly  linear  drop  in  LOI  with  increasing 
silicon  occurs. 

One  resin  {12-1S-77)  exhibited  a significantly  higher  LOI  (57“60)  in 
repeated  testing  than  the  LOI's  of  other  resins  of  similar  silicone  content  and 
higher  OMS  block  leiigths.  No  resins  of  OMS  block  < 7 were  made  in  this 

silicone  content  range  so  that  conclusions  about  block  length  effects  are  hazardous. 

Finally,  the  mixture  containing  Si ©2  exhibited  a LOI  equal  to  or  lower  than 
that  expected  of  the  homopolymer. 

The  character  of  the  burning  and  of  the  residue  produced  changes  sub- 
stantially with  silicone  content.  Rather  loud  decrepitation  occurred  with  all 
resins.  The  residue  changed  from  a fine  black  friable  char  with  the  homopolymer 
(Fig.  5a)  to  a more  voluminous,  very  strong,  largely  black  char  at  n\oderatc 
amounts  of  silicone  (Fig.  5b)  to  a gray  coarse  weak  residue  at  high  silicone 
contents  (Fig.  5c). 

By  contrast  the  Si02-filled  homopolynH^r  burned  quietly  and  slowly  with 
little  or  no  swelling  of  the  residue.  In  fact  burning  of  a thin  surface  layer 
only  seemed  to  occur.  The  burnt  layer  peeled  off  leaving  a wh i te-surfaced  core. 

Overall,  these  results  suggested  that  for  the  LOI  synergism  to  exist  the 
silicon  must  be  present  in  a volatile,  reactive  form.  That  is  the  presence  of 

^ priori  is  i[)cf feet i ve.  However,  the  details  of  silicone  incorporation 
(e.g.  block  length)  were  apparently  not  important  as  long  as  the  dispersion  was 
not  heterogeneous  on  a gross  scale.  In  addition,  it  was  clear  that  an  optimum 
silicone  content  exists. 

2.2.2  BPA  Polycarbonate  Fami ly 

A large  number  of  block  polymers  covering  a wide  range  of  silicone  content 
and  block  length  in  the  BPA  carbonate  family  were  assembled  and  tested  (Table  5). 

The  LOI's  obtained  are  plotted  vs.  silicone  content  in  Fig.  6. 


TABLE  5 


Reference  Code 

■zsDra 

Mu  1 1 i sequence  Block 

Po  1 yme  rs  , 

LOI 

Molding  Temperatures 

and  Limiting  Oxygen 

1 nd i ces 

Fi gure 

Code 

Wt.?  DMS 

Design  D.Pn 

Molding  T(°C) 

9627-X 

a 

5.8 

10 

— 

32.3-32.6 

I08A6-133-I156 

b 

1 1 

40 

— 

32.3 

10846-133-nA) 

c 

12.4 

1 1 

200-220 

40-47 

10346-133-1 150 

d 

14 

20 

260 

36.8 

4-21-78 

c 

)5.3 

2 

130 

37.8-40.2 

10846-133-2505 

f 

18 

5 

155 

47.7-49.1 

2-22-78 

9 

20 

2 

130 

36.4 

5-1-78 

h 

22.8 

40 

200 

31.7 

10846-133-9 

i 

24 

20 

2 30 

35-38 

10846-1 33- n 

j 

25 

20 

260 

38.3 

10846-133-5102 

k 

25 

10 

210 

37.8 

4-14-78 

1 

25.  1 

2 

85 

39. 1-40.2 

1048-74 

m 

25.9 

5 

2 10 

37.8 

1048-84 

n 

25.9 

5 

2 10 

33.8 

4-25-78 

o 

36.5 

40 

150 

36.5 

10846-133-0303 

P 

40 

20 

2 10 

33.3 

10846-133-3302 

q 

43 

10 

155 

36.3 

10846-133-0402 

r 

50 

10 

130 

36.5 

l0846-133-9'*5 

s 

51 

40 

205 

30.5 

10845-133-7 

t 

53 

20 

205 

35.2 

10846- 133-3'403 

u 

57 

20 

205 

30.8-32.3 

10846- 133-9'«'« 

V 

60 

40 

205 

33.8 

I0846-I33-I 

w 

63.7 

20 

130 

30.8 

3-23-78 

X 

81.4 

40 

130 

32.3 

Th«'  lOI  JopoiuU'iu'o  iMi  silii'niu'  1 1<  this  tainily  v«*iv  much  like  that  in 
the  BPF  family  in  every  res^u-ct  once  alKsvance  was  maife  fc>i  ttie  tact  that  t'PA 
polycarbonate's  lOI  is  vs.  t'l  foi  I'Pi  poly  v at  Inviate . Ihe  lOI  incieaseJ  M 
points  aijain,  le.ivhing  a brv’aJ  maximum  in  this  family  at  L0l»f8  to  *<0  aiul  Ik  to 
\0%  s i I i cvwe  . Hvxyevi'i  twv'  resins  ^ 1 08^b- M 1- 1 1 't  O aiul  f 1084h- M t-JkOk)  estiibiteJ 
much  highei  lOI's  tlian  d i if  othei  lesins  of  similar  s I I i coni'  cv'ntents  aiul  blc'ck 
leniiths.  Ttie  value  I'f  kO  tor  the  latter  resin  was  repioiluc  ih  le.  It  is  tfie 
largest  kOI  relative  to  tfiat  of  ttie  cvir  i esponvf  i luj  "fiatvl"  honx'polymer , of  any 
resin  testeJ  in  this  wv'ik. 

Nv'  clear  Jepeiulence  of  lOI  on  bK'ck  leiujth  at  tiveif  silicone  content  is 
evident  in  these  results.  Nv'r  can  any  maiked  effects  of  polyuvr  nxrlecular 
weight  he  seen;  Fc''r  es.vnple  1084h-lH-ll  is  an  injection  nvlding  giade  resin 
(lill"0.h  dl./g.'  while  lOSftb- M t-'1  Is  casting  giade  lesin  tl')l"l..’  dl./g.). 

Tfie  visci'sitv  of  latter  is  higher  only  because  the  total  numf'er  of  bUyeks  per 
iiMcrc>mi>lecule  is  greatei  . Of  course  none  v't  the  resins  tested  were  K'w  enough 
in  iiK'lecular  weigtif  to  I'xhibit  "runny"  melt  behavii'r. 

Mc»vever.  ffPA  (h'I ycarbonate  tends  to  drip  sonu'whaf  on  burning  in  ciytttr.tst 
to  ffPF  piWvcarhonate  (Fiij.  7>>K  Ifie  burning  ctiaracter  i s t i cs  and  the  iftars 
produced  from  the  ffPAf.'OMS  block  piilytm-rs  (Figs.  7b  and  cl  were  much  like  tfiose 
in  tfie  ftrf  carbonate  family:  an  increase  in  .iiixnin  t v’f  cfi.tr  produced  witfi 
siliccyne  incorporation,  a coaisening  and  weakening  of  tfie  residue  bewynd  tfie 
LOI  maximum  and  the  residue  become  progressively  livjhfer  in  color.  Otfier 
I character  i /at  ions  c'f  tfie  chats  produced  in  this  system  are  described  in 


Sect  i yyn  7 . 3 . 
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2.2.3  f'o lystyriMU*  Family 

Sovoral  s t y rooo/s i ) i cono  block  polynHMs  varying  in  numbor  of  blocks  per 
chain,  block  length  and  silicone  content  were  tested.  In  some  cases  polymer 
mcilecular  weights  were  low  enough  that  the  resiiis  were  like  paiaffiri  wax  in 
consistency  at  room  temperature.  The  materials,  their  base  charac t er I s t i cs , 

Lot's  obtained,  and  observations  on  burning  are  summarized  in  Table  6. 

All  LOI's  are  plotted  vs.  silicone  content  in  Fig.  3.  These  fall  within 
an  envelope  th«'  lover  hound  of  which  is  the  interpolation  line  between  the 
LOI's  of  the  two  homopol ynv rs . The  upper  bound  reaches  a broad  LOI  maximum  of 
28  or  so  centered  at  M%  silicone  roughly. 

HoiiKipolysl yrene  burns  with  no  char  formation.  A "cap"  of  nielted  rosin 
exists  on  top  of  the  LOI  specimen  (Fig.  Oa).  Vapor  bubbles  are  produced  in 
the  cap,  the  vapor  presumably  consisting  of  styrene  motuvner  and  Icxv  molecular 
weight  o 1 i gonu' rs  . ^ { Pol  ys  ty  rone  ' s ceiling  temperature  for  depol  yrrx' r i zat  i vsn 
is  well  known  to  be  ca.  300‘'C.  ) The  volunx'  of  the  "cap"  under  the  flame  increases 
very  slcsvly  and  eventually  nxilten  resin  runs  slcxvly  diswn  the  side  of  the  specimen. 
A strovWi  of  fine  black  suKike  is  emitted  from  the  top  of  the  flame. 

A dramatic  visual  change  is  brought  about  by  the  presence  of  silicone  in 
the  test  specimen  even  in  small  amounts.  A solid  residue  forms  on  the  top  (Fig.  9b 
and  c).  At  1 CSV  silicone  contents  the  residue  is  black  with  minor  areas 
of  gray  hut  becomes  much  whiter  with  increasing  silicone  content.  The  volume 
Increase  accomp.my i ng  residue  formation  is  much  less  than  with  either  bisphenol 
carbonate-s i 1 i cone  fami ly . 

The  two  bounds  of  the  envelope  in  Fig.  8 appear  to  result  f rc>m  differences 


in  rheological  behavior  of  the  resin.  SpecinxMis  of  som*'  resins  became  very 
fluid  in  regions  close  to  the  flame  and  the  molten  nviterial  tended  to  run  down 
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TABLE  6 


Poly 

s ty  rene  Fami 1 y : 

Resins  and 

L i mi  ting  Oxy gen 

Ind i ces 

Code  No. 

Des i qn 

Formu la* 

Found 
Wt.  1 
DMS 

In] (dl/g) 

Meehan i ca 1 
Character 

Melt 

Charac  te  r 

LOI 

DB-61-97 

‘^200^100^200 

74 

0.34 

soft .cheesy 

run  ny 

19.6 

DC-37-97 

^‘’25^50 ‘^25' 4 

36 

0.20 

hard.v.bri 1 1 Ic 

runny 

17.6 

DB-80-97 

‘’400^100^*400 

82 

0.66 

rubbe  ry 

V i scous 

24.5 

PA- 55 

‘’l73‘’3! 

1 1 

0.27 

hard.v.bri 1 1 1 e 

runny 

17.0 

DB-108-97 

0 

0 

0 

0 

0 

61 

0.24 

leathery . 
cheesy 

V i scous 

27.8 

OC-143 

^‘’l00^10o''4 

42 

0.31 

hard .weak 

vl scous 

26. 5t. 

DC-97 

^‘’25^5o‘’25''3 

38 

0. 125 

hard  .b  r i 1 1 1 e 

runny 

21.6 

DE-15 

S4o‘’500 

13 

0.66 

V.  hard. strong 

viscous 

22 

9535-6-1 

^875‘’920^875 

17 

0.75 

V. hard  .s  t rong 

V i scous 

22 

(Koppe  rs 

Dy lene  8) 

Po ly s ty  rene 

M^-125.000 

0 

— 

V. hard  ,s  t rong 

into  rnio  d i t e 

18 

HA-54-97 

^20o‘’l000^200 

68 

0.40 

sof  t . cheesy 

internH'diatc 

22.2’.: 
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the  sides  of  these  specimens;  the  LOI's  resulting  from  these  tests  fell  on  the 
lower  bound.  Specimens  of  the  other  resins  showed  no  tendency  to  flow  in  this 
manner;  LOI's  for  these  materials  fell  on  the  upper  bound. 

Each  material  on  the  upper  bound  left  a residue  in  the  form  of  a roughly 
cylindrical  shell  the  wall  thickness  of  which  was  estimated  by  eye  to  be  0.02  in. 
approximately.  The  lower  end  of  the  shell  covered  the  molten  resin  cap,  the 
upper  end  was  completely  empty.  The  resins  on  the  lower  bound  left  residues 
that  tended  to  be  fragmented. 

Thus  if  melt  viscosity  is  high  enough  the  incorporation  of  silicone  in 
sufficient  amount  can  produce  a stable  char  that  results  in  a substantial 
increase  in  the  LOl  of  styrene  resins.  Fractionally  the  increment  in  LO I 
achieved  is  as  great  as  with  the  polycarbonate  families.  The  silicone  content 
required,  however,  is  about  twice  as  great. 

Under  inert  atmospheres  at  temperatures  of  500 "C  and  above  styrene  monomer 

and  its  oligomers  are  known  to  break  dcxvn  to  small  hydrocarbon  fragments  (C,-C,).^^^ 

I b 

Presumably  the  shell  of  silica  residue  acts  as  a red-hot  screen  beneath  which 
the  atmosphere  is  largely  inert  and  through  which  the  styrene  vapors  must  pass. 
During  passage  the  temperature  of  the  vapor  must  be  raised  to  the  point  that 
these  small  hydrocarbon  fragments  are  produced  and  some  of  these  are  carbonized. 

2.2.4  Polymethylmethacrylate  Family 

The  MMA-silicone  resins  tested  included  several  graft  resins  in  addition  to 
a number  of  binary  block  polymers.  Resins  tested,  compositions,  other  character- 
istics and  LOI's  are  summarized  in  Table  7. 

All  LOI's  from  this  family  are  plotted  vs.  silicone  content  in  Fig.  10. 

Very  little  sign  of  LOl  enhancement  is  seen. 


A 

Code  No. 

Des i gn 
Type** 

Found 

Wt.% 

Si  1 i cone 

[n] (dl/g) 

LOI 

9459-i4-A(Hl) 

b 

5.  1 

N.R.+ 

19.2 

9459-41-1 (HI) 

b 

38.4 

1.06 

22.0 

9459-54-4(HI) 

b 

21.7 

0.66 

20.8 

9535-17-l(Hl) 

b 

18,0 

1.20 

19.6 

9535-32-l(Hl) 

b 

21.9 

N.R. 

18.7 

9535-38-1 

b 

44.6 

N.R. 

20.0 

9535-38-3 

b 

58.1 

N.R. 

21.2 

9535-63-2 

PMMA 

0 

0.82 

17.0 

9538-142-1 (HI) 

9 

7.1 

N.R. 

17.0 

9749-2 

9 

7.4 

N.R. 

17.0 

* HI  = Hexane 

-insoluble  fraction 

**  b = binary 

block  polymer; 

g = graft 

polymer 

No  Record 
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PMMA  itself  burns  with  a smokeless  flame  and  no  char  formation.  A molten 
cap  of  resin  exists  on  top  of  the  LOI  specimen  (Fig.  lla).  Bubbles  of  vapor 
believed  to  be  pure  MMA  mononu-r  originating  from  thermal  depolymeri zat ion 
form  in  the  cap  and  feed  the  flame. 

With  the  block  and  graft  polymers  the  flame  is  also  smokeless.  Hcxvever 
a gray  to  white  solid  residue  forms  slowly  on  top  of  the  molten  cap.  The  residue 
takes  the  shape  of  a hollow  cylindrical  shell  with  a thin  convoluted  wall.  The 
shell  is  white  to  gray  outside  but  usually  darker  inside  (Fig.  lib).  Its 
diameter  and  wall  thickness  both  increase  strongly  with  OMS  content  (Fig.  lib 
vs.  11c).  The  gross  form  of  this  shell  is  much  like  that  on  the  styrene  DMS 
res i ns . 


Of  all  the  homopolymers  tested  in  this  study  PMMA  shows  the  least  tendency 
to  form  char  or  smoke.  Presumably  this  characteristic  is  related  to  the  thermal 
depolymerization  which  occurs  at  low  temperature  and  which  yields  only  monomer, 
the  monomer  breaking  down  at  higher  temperature  to  smaller  fragments. In 
any  case  the  evident  lack  of  tendency  to  carbonize  on  burning  is  thought  to  be 
responsible  for  the  lack  of  LOI  enhancement  by  silicone  in  the  block  and  graft 
polymers.  However  the  fact  that  the  inside  surface  of  the  residue  shell  is 
often  black  indicates  that  even  MMA  monomer  can  deposit  a little  carbon  on  a 
very  hot  substrate  in  an  oxygen  deficient  atniosphere. 

2.2.5  Pol y (2 ,6- d i pheny 1 phenylene  oxide)  Family 

High  molecular  weight  poly(2,6  diphenyl  phenylene  oxide)(PjO)  is  a resin 
with  a Tg  of  220°C  and  a T^^  of  490‘’C.  It  can  be  cast  from  chloroform  solution 

into  films  that  are  clear,  amorphous  and  about  as  brittle  as  polystyrene.  These 
films  can  be  compression  molded  at  temperatures  up  to  250°C  into  amorphous  bars 
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that  are  nearly  clear.  At  260°C  crystallization  begins;  once  crystallized  the 
polymer  is  intractable  since  degradation  commences  just  above 

Mu  1 ti sequence  P^O/OMS  block  polymers  have  been  previously  made  with  a wide 
range  of  compositions  and  P^O  block  lengths . The  making  of  these  materials 
involved  the  use  of  the  difunctional  oligomers 


where  n is  two  or  greater.  Microdomain  formation  occurs  in  all  these  materials 
with  hard  block  domain  T^'s  varying  with  block  length  as  expected. ^ Crystallinity 
is  not  found  in  resins  of  n i 20. 

A small  amount  of  each  of  five  rubbery  block  polymers  in  this  family  was 
available.  Compositions  and  block  lengths  along  with  molding  temperatures,  LOI's 
obtained  and  related  observations  are  all  summarized  in  Table  8. 

Three  blends  of  P^O  homopolymer  with  P^O/DMS  block  polymer  of  82^  DMS  and 
n = 0 were  made  by  coprecipitation  of  chloroform  solutions  in  methanol  followed 
by  vacuum  drying  at  temperatures  up  to  ISO^C.  Finally  a blend  of  P^O  with  SE-jO 
silicone  gum  was  made  in  similar  fashion.  These  blends  were  made  in  light  of  the 
behavior  of  the  BPF  polycarbonate/BPFC-DMS  block  polymer  blends  and  in  the  hope 
that  the  blends  would  serve  as  substitutes  for  block  polymers  of  high  P^O 
content  as  far  as  LOl  testing  was  concerned.  These  blends  are  also  listed  in 
Table  8. 


LOI's  for  this  family  are  displayed  vs.  silicone  content  in  Fig.  12.  The 
block  polymers  showed  a substantial  synergism  similar  to  that  seen  in  the  BPF 
carbonate  family.  The  four  blends  however  showed  no  LOl  enhancement  at  all. 


''nI 


[ 


i . 

\ TABLE  8 

I Poly  (2,6  d i phony  1 - I ,<4-pheny  1 one  oxide)  Fdmi  1 y of 

Block  Polymers  and  Mixtures 


Code  No. 

Typ^' 

Hard  Block  D.P.n 

Found  Wt, 

.%  DMS 

LOI 

... 

h 

II  II 

0 

36.7*1.2 

9665-81-1 

b 

2 

66 

39.8 

996I-IA8E 

b 

40 

74 

32.3 

9665-37-1 

b 

22 

76 

33.2 

9665-52-  1 

b 

2 

78 

37.8 

9961-261 

b 

40 

CO 

28.9*.3 

10846- I32B 

h+h 

25 

36.4il  .2 

I0873-33A 

h+T) 

"’/20 

19 

33.8 

I0873-33B 

h+b 

«'/20 

30 

30.2i.3 

I0873-33C 

b+b 

'"/20 

40 

30 

* h " PjO  homopo lyme r 
h+b  - P^O  homopolym*' 

or  SE-30  silicone  gum;  b 
r plus  alternalinq  block 

» alternating 
polynx'r  of  D.  P 

block  polymer 
•n  " 20 

PjO  homopolymer  burns  with  substantial  smoke  and  char  formation  (Fig.  13a). 

The  char  is  slightly  larger  than  the  specimen  in  cross  section  and  consists  of  a 
strong  foamy  core  with  a thin  sooty  surface  covering.  Thus  the  homopolymer 
behaves  superficially  rather  like  BPF  polycarbonate.  The  LOI 

behavior  of  the  block  polymers  and  the  appearance  of  their  chars  (Fig.  13b)  are 
consistent  with  this  fact.  The  behavior  of  the  blends  therefore  seems  inconsistent 
at  first  sight.  A resolution  to  this  paradox  may  lie  in  the  thermal  stability  of 
the  homopolymer  and  its  blocks  as  affected  by  molecular  weight.  Thus  it  may  be 
significant  that  the  block  polymers  of  n = 2 appear  to  have  higher  LOI's  than 
those  of  n = 20  and  ^40.  Pyrolysis  results  (Section  2.3.2)  lend  some  support 
to  this  possibility.  Lack  of  materials  however  has  prevented  a resolution  to  this 
i neons istency. 

2.2.6  Miscel laneous 

A silicone  block  polymer  from  each  of  three  other  families  was  available 
in  sufficient  quantity  for  compression  molding  and  LOI  testing.  These  materials 
and  the  corresponding  polymers  with  no  silicone  together  with  test  results  are 
listed  in  Table  9.  Each  "family"  is  discussed  separately  below. 

a.  Polysulfone  Family.  Polysulfone  itself  burns  with  substantial  smoke 
and  black  char  production.  The  char  is  foamy  and  about  as  strong  and  voluminous 
as  the  char  from  BPF  polycarbonate.  The  58!^  silicone  block  polymer 
produced  char  that  was  visually  much  like  that  from  the  polycarbonate-silicone 
block  polymers  of  the  same  DMS  content:  a white  flaky  exterior,  a dark  more 


continuous,  foamy  interior.  A DMS  block  polymer  previously  was  reported  to 
have  an  LOI  equal  to  that  of  polysulfone  itself['^^e  58^^  DMS  resin  tested  here 
yielded  a LOI,  at  most,  ^ units  higher  than  the  interpolation  value  (i.e.  the 
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TABLE  9 


M i s ce  1 1 jneous  Po  Ij  iik'  rs 

Tes  led 

Code  No.  or 

Re  fe  re nee 

Po  1 ynx'  r 

Found 
Wt.'T.  DMS 

n.r. 

n 

LOI 

The  rmn 1 ux 

Polysulfone  of  BPA  ond 
d 1 ch 1 orod i pheny 1 su 1 fone 

0 

— 

30.7'  1 

A.  Nos  hoy. 

Union  Corhide 

Su 1 f one/s i 1 i cone  h 1 ock 
po  1 ynu>  r 

>VAA 

20.6 

1 1014-100 

Poly  tet  romethy Is i Ipheny lene 
siloxone  (PSPS) 

0* 

— 

42.4 

10674-110 

SPS/silicone  Block  polymer 

i,qA 

40 

34 . 6 

(0846-133- 

3302-Br 

BPA/tet  rc»l>ronx)  BPA  corBon- 
ale-B  1 ock-d  i mettiy  1 si  loxone’''' 

43 

10 

63 

''  ExcUisivo  of  DMS  ill  SPS 

Copoly CiU'honoto  Block  contains  26  wt  . t bromiin' 
Not  known  to  us 
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valut'  predicted  from  the  LOI  vs.  DMS  interpolation  line).  By  contrast  both 
polycarbonate  families  gave  10  to  12  units  LOI  enhancement  over  their  inter- 
polation lines  at  this  DMS  concentration.  The  source  of  this  difference  in 
behavior  could  not  be  sought  owing  again  to  limitations  in  time  and  material. 

b.  Poly tetramethy Is i Ipheny lone  siloxane  (PSPS)  F am i 1 y . Smal 1 amounts  of 

PSPS  and  one  rubbery  mu  1 1 i sequence  block  polymer  containing  53%  DMS  of  =*  ^0 

were  available.  The  homopolymer  exhibits  a T of  150“C  and  a T of 

m g 

Tlie  block  polymt^r  tested  exhibits  a hard  domain  T^^  of  I00"C.  Both  homopolymer 
and  block  polymer  are  opaque. 

The  burning  of  PSPS  yielded  a substantial  anxJunt  of  a thick  coarse,  flaky, 
weak  residue.  Residue  color  was  variegated--whi te  in  some  places,  gray  in  others, 
black  in  still  others.  A thick  zone  of  clear  melt  existed  below  the  burn  front 
on  the  01  specimen.  The  melt  zone  tended  to  flow  and  the  "char"  plus  under- 
lying melt  tend  to  tip  over,  sag,  and  collapse  on  the  lower,  still  solid  section 
of  bar.  This  collapse  tended  to  fragment  the  residue  and  also  to  melt  and 
ignite  the  laver  bar  section.  The  smoke  also  varied  in  character,  being  black, 
coarse  and  whispy  most  of  the  time  but  white  periodically. 

The  block  polymer  burned  in  similar  fashion  in  every  respect  except  that 
the  reaidue  was  somewhat  lighter  in  color. 

The  LOI  of  PSPS  is  a very  respectable  in  spite  of  the  unstable  melt 
zone.  The  LOI  of  the  block  polymt-r  is  only  ^ units  higher  than  the  value  of 
30  obtained  from  interpolation  between  the  two  homopolymers. 

Several  factors  may  underlie  the  lack  of  LOI  enhancement  in  this  family. 

The  first,  by  analogy  with  behavior  seen  in  part  of  the  styrene  family  is  low 
melt  viscosity. 
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Tho  second  is  the  elenH'ntji  silicon  content--27  wt.  % is  PSPS  and  33  wt.  ?- 
in  the  block  polyirtt-r.  Th«'  Si  levels  are  much  hiijher  than  that  at  the  LOI  maximum 
of  either  polycarbonate  family  (7  to  8t.) . In  fact  the  27  vvt.  2:  silicon  of  PSPS 
is  equivalent  to  717.  OMS  in  any  of  the  silicone  block  polymers  in  which  the 
"hard"  block  diies  not  contain  silicon.  In  none  of  these  other  systems  does  the 
LOI  at  717  OMS  exceed  3*t , a level  alnxist  10  units  bel«v  the  LOI  of  PSPS. 

A third  tactor  is  hard  block  chemical  structure  at>d  its  role  in  pyrolysis-- 
a subject  dealt  with  at  greater  length  in  Section  2.3. 

c.  PPA/ Te ( rah ronx>  BPA  Copolycarhonate  Fami 1 y . Mixtures  of  tetrabromo 

OPA  with  OPA  form  random  copolycarhonates  having  LOI's  that  rise  linearly  with 

( I 2 1 

bromine  concentration.  Thus  at  17  wt.  7 bromine  the  LOI  is  '*4,  an  increase 
of  10  units  over  BPA  polycarbonate. 

A s i 1 i cone-copolycarbcinate  mu  1 1 i sequence  block  polymer  of  437  OMS  of 
O.P.^^  « 10  and  IS  wt.  7 bromine  was  available.  The  copolycarbonate  block  contains 
26  wt.  7 bromine  (28  mol  7 tetrabromo  BPA  carbonate).  Tfic  LOI  for  this  material 
was  55.  The  material  burns  much  like  a BPAC/DMS  rosin  of  similar  DMS  content 
except  that  the  char  is  darker  and  much  more  voluminous. 

There  are  two  w.iys  to  compare  the  relative  effects  of  bromine  on  the  LOI's 
of  polycarbonate  vs.  BPAC/DMS  block  polymer.  In  the  first  cesmparison  the  silicone 
content  is  fixed,  in  the  second  the  mol  fraction  of  polycarbonate  is  fixed. 

First  a BPAC/DMS  resin  of  the  same  silicone  content  (437)  is  expected  to 
have  a LOI  of  35.5  (Fig.  5).  Thus  the  bromine  has  raised  the  LOI  by  17.5  units 
which  is  1.17  units  per  percent  bromine  in  the  whole  polymer  or  0.67  units  per 
percent  bromine  in  the  polycarbonate  block. 

Second  replacement  of  the  157  bromine  with  the  corresprvuling  mol  7 of 
hydrogen  results  in  a BPAC/DMS  block  polymer  of  517  DMS.  Such  a block  polymer 
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is  expected  to  hove  a LOI  of  3^*2  (Fiq.  6).  Cotiversely  the  s nhs t i t iit  ion  of 


bromine  for  hydrogen  in  this  block  polymer  has  raised  the  LOI  19  units  or  1.27 


units  for  each  part  of  bromine  in  the  whole  polynvr. 


In  any  case  the  increim'iit  in  LOI  per  part  of  bromine  is,  if  anything, 


slightly  greater  in  the  block  polynvr  than  in  the  homopol  yme  r . Tli  i s result 


suggests  that  the  LOI  enhancement  mechanisms  associated  with  silicone  and  with 


bromine  are  separate  but  additive. 


2.3  Mechanism  Studies 


A previous  study  of  LOI  chars  from  BPFC/OMS  resins  of  low  silicone  content 


reported  that  the  silicon  content  of  the  chars  increased  in  proportion  to  the 


OMS  content  of  the  resin  approx i mat e I y , Furthernwre  an  electron  microscopy 


investigation  of  one  of  these  chars  revealed  a hard,  brittle,  anxirphous. 


electron-dense  substance  that  appeared  to  line  the  pores  of  the  char.  On  this 


basis  principally,  it  was  suggested  that  LOI  enhancemetit  by  silicone  occurred 


because  this  layer  (thought  to  he  silica)  tended  to  protect  the  underlying 


carbonaceous  char  from  oxidative  attack.  This  protection  was  thought  to  alUxv 


the  char  to  remain  thicker  and  a nwre  effective  thermal  insulator  than  it 


would  otherwise  have  been.  No  guantitative  data  on  char  yields,  densities. 


morphologies,  etc.  were  available  to  support  this  content  ioti,  howev<'r. 


Moreover,  this  iix'chanism  has  been  afflicted  from  its  concept  iott  hv  a 


major  weakness  wheti  viewed  in  the  framework  of  the  generally-accepted  scheme 


for  burning  of  organic  solids. 


In  this  scheme  the  oxidation  processes 


that  produce  the  heat  occur  largely  in  the  outer  portions  of  the  flanx'.  The 


inner  portion  of  the  flairx'  is  considered  to  be  deficient  in  oxygen.  Essentially 


no  external  oxygen  penetrates  the  solid:  Here  only  pyrolysis  occurs,  the 
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pyrolysates  simply  diffusing  and  effusing  out  through  the  degrading  solid  to 
be  burned  in  the  flame  (Fig.  lA).  Thus  the  contradiction:  How  can  dimethyl 
siloxane  be  oxidized  to  silicone  dioxide  in  the  reducing  atmosphere  of  the 
solid  interior? 

A somewhat  different  view  of  the  LOl  synergism  in  silicone-polycarbonate 
resins  emerges  from  the  recent  company- funded  studies  described  below.  These 
studies  were  primarily  focused  on  the  chars  produced  from  BPAC/DMS  resins.  The 
new  view  of  the  synergism  still  focuses  on  similar  brittle,  electron-dense 
layers.  However,  the  understanding  of  their  production  mechanism,  composition 
and  function  in  raising  LOl,  has  changed  substantially. 

In  summary  in  the  view  provided  by  the  following  account  these  friable 
layers  are  currently  thought  l)  to  be  produced  under  pyrolytic  conditions  by 
rather  specific  chemical  processes  involving  the  hard  block  residue  and  dimethyl 
siloxane;  2)  to  produce  the  synergism  by  altering  the  structures  of  pyrolysates 
and/or  their  rates  of  transport  to  the  flame;  and  3)  to  exhibit  morphologies 
and  compositions  that  are  optimum  for  this  purpose  only  when  the  chemical 
composition  of  the  resin  is  correct. 

The  experimental  work  underlying  this  new  view  deals  with  two  subjects: 

a)  LOl  chars  — their  yield,  composition  density  and  resistance  to 
further  oxidation;  the  morphologies  of  these  chars  and  the  s i 1 i caceous 
residues  left  by  their  complete  oxidation. 

b)  Pyrolysis  Products,  i.e.,  the  chars  and  pyrolysates  produced  by 
vigorous  pyrolysis  under  inert  atmospheres  — their  compositions, 
structures  and  morphologies. 


2.3.1  Experimental 


2.3. 1.1  LOI  Char  Yields 

For  purposes  of  determining  the  yield  of  char  or  residue  per  unit 
weight  of  polymer  burned  a modified  LOI  test  procedure  was  devised  as  follotvs. 

A piece  3/8  to  1/2"  long  was  cut  off  an  LOI  test  specimen  and  a small  hole 
drilled  into  the  piece  along  the  specimen  long  axis.  The  piece  and  a two  inch 
diameter  aluminum  weighing  cup  were  both  weighed.  The  cup  was  impaled  on  a 
needle  mounted  in  the  LOI  specimen  clamp.  The  polymer  piece  was  then  slipped 
onto  the  tip  of  the  needle.  The  mantle  of  the  apparatus  was  put  in  place  and 
the  oxygen  index  set  at  the  previously  determined  limiting  value.  The  top  of 
the  piece  was  lighted  with  the  torch  in  the  standard  way. 

The  flame  progressed  as  usual  dex'/n  the  sides  of  the  piece  and  soon  engulfed 
it  completely.  At  the  end  of  the  burning  process  the  char  would  usually  be 
left  sitting  whole  on  the  end  of  the  needle.  The  cup  was  then  carefully  pulled 
off  taking  the  char  along,  often  completely  intact.  The  cup  and  char  were 
weighed  once  again  and  char  yield  calculated. 

2.3. 1.2  1 01  Char  Oxidation  at  Fixed  Oxygen  Index 

A further  modification  involved  running  the  test  described  in 
Section  2. 3.1.1  in  the  same  way  in  all  respects  except  that  the  oxygen  index 
was  fixed  for  all  burnings  at  one  level--a  level  high  enough  to  insure  combustion 
for  all  members  of  the  resin  family.  In  this  modification  glowing  of  the  solid 
would  often  continue  long  after  the  flame  went  out.  The  length  of  this  period 
of  flameless  combustion  (the  afterglow  period)  was  recorded.  The  final  solid 
residue  was  much  whiter  usually  than  the  residue  left  after  burning  at  the  LOI. 
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2 . 3 • 1 . 3 LOI  Chjr  Compositions 


Residues  from  tiie  chor  yield  test  just  described  were  onoly/ed  tor 

elenH'ntJl  corbon , for  hydroiien  oitd  for  silicon.  Occosion.il  sm.il  I bits  of 
resinous  m.iteri.il  .irisiiuj  frimi  tiny  unburnt  sections  of  resin  were  found  vm 

brejkinq  the  ch.irs  op.irt.  These  were  disc.irded.  Ap.irt  from  these  the 

remainder  of  each  char  was  easily  reduced  to  a powder  with  a mortar  and 

pe  s 1 1 e . 


2 . 3 • 1 . *1  L 0 I Char  Dens  i t i es 

As  part  of  the  effort  to  assess  the  insulatinq  effectiveness  of 
the  chars  their  macroscopic  densities  were  nvasured.  Tlie  iivasurements  were 
made  usinq  the  chars  from  tlie  iividified  0I  test.  Ott.iwa  beach  sand  was  used  as 
a space- f i 1 1 i nq  fluid  in  these  tests.  Tli  i s material  was  used  rattier  than  a 
liquid  for  several  reasons: 

a)  The  sand  filled  all  the  larqe  tioles  but  did  not  penetrate  the 
channels  of  the  chars. 

b)  Chars  would  remain  subnH'iqed  in  sand  despite  their  very 
dens i t i es . 

c)  The  sand  could  easily  be  renxived  from  char  pieces  thus  permit finq 
their  subsequent  use  in  other  tests. 

Each  iTH'asuremen t was  made  by  breakinq  a ctiar  specinx'n  in  to  twvi  or  fliree 
pieces,  puftinq  these  in  a small  qraduate  cylinder  and  fillinq  witti  sand  to 
a known  volunx'.  Weiqhinqs  were  made  after  each  step  with  an  analytical  balance. 
With  liqht  tappinq  to  insure  that  the  sand  settled  properly,  po Ivcarbonate 
char  density  could  be  determined  reproducibly  to  a few  percent.  Density 
determinat ions  were  progressively  more  erratic  with  increasinq  resin  DMS 
content.  The  chars  from  these  resins  included  an  increasinq  aiixuint  of  loose. 
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whispy  material  deposited  externally  from  the  vapor  phase.  Inasmuch  as  this 
material  was  thought  to  be  less  important  as  an  insulator  than  the  underlying 
char  produced  in  situ  this  deposit  was  broken  away  and  discarded.  What  portion 
to  choose  to  breakaway  and  discard  became  increasingly  difficult  to  decide 
upon  since  with  increasing  resin  DMS  content  the  in  situ  char  itself  had 
progressively  less  integrity. 

2. 3.1. 5 Pyrolyses  and  the  Treatniont  and  Analysis  of  Resulting 
Products 

Pyrolyses  of  BPA  polycarbonate  and  several  of  the  BPAC-DMS  block 
polymers  have  been  carried  out  in  nitrogen  atmospheres  under  vigorous  heating 
conditions  until  no  more  vapors  were  evolved.  The  pyrolyses  were  effected 
on  small  pieces  of  1/8  in.  thick  moldings  placed  in  the  bottoms  of  pyrex  tubes 
and  round  bottom  flasks,  which  were  then  heated  directly  by  a flecker  burner. 
While  still  red  hot  these  containers  were  plunged  into  water;  this  treatment 
served  to  free  and  guench  the  solid  residue  from  each  pyrolysis,  usually  in  one 
piece. 

In  a few  cases  the  effluents  were  passed  through  water-cooled  condensers 
in  order  to  collect  the  less  volatile  pyrolysate  products.  One  of  these 
pvrclvses  produced  a small  anxjunt  of  foamy  material  outside  the  main  body  of 
•-t.'-;  the  foamy  material  would  swell  substantially  (but  not  dissolve)  in 
chic. oform. 

1 29  13 

Pyrolysates  were  analyzed  by  H/  Si  and  C nuclear  magnetic  resonance 
and  by  tandem  gas  chromatography-mass  spectroscopy.  Pyrolysate  chars  were 
analyzed  for  silicon  by  heating  them  up  gradually  to  SOO^C  in  air  in  a muffle 
furnace  and  weighing  the  Si02  residues. 


I 


Pyrolyses  of  mixtures  of  SE-30  silicone  gum  and  a variety  of  small 
nx)lecule  organic  compounds  were  also  carried  out.  These  compounds  were  all 


related  one  way  or  another  to  the  organic  components  of  the  block  polymers 
described  in  Section  2.1  that  exhibited  foamy  char  formation  and  evidence  of 
the  polycarbonate-silicone  type  of  LOI  synergism. 

2.3. 1.6  Microscopy  of  Chars 

LOI  test  specimens,  modified  LOI  chars  and  pyrolysis  chars  were 
inspected  by  light,  transmission  electron-  and  scanning  electron-microscopy. 

A variety  of  techniques  were  used  to  prepare  specimens  for  these  inspections. 

LOI  test  specimens  were  photographed  whole  and  then  vacuum  impregnated 
with  epoxy  resin  as  before. These  specimens  were  then  sawn  in  half  down 
the  long  axis.  Macrophotographs  were  taken  of  the  ground  and  polished  cross 
section,  small  blocks  were  then  cut  from  selected  regions;  from  these  blocks 
ul trasect ions  were  microtomed  for  TEM.  These  sections  were  backed  with 
evaporated  carbon  for  stability  during  viewing. 

Pyrolysis  chars  were  prepared  for  TEM  in  a similar  manner.  In  addition 
some  ultrasections  were  treated  with  hydrofluoric  acid  in  an  attempt  to  etch 
away  any  hydrolyzable,  silicon-containing  components  (e.g.  silicon  dioxide, 
organic  silicates,  silicones,  etc.). 

Chars  from  both  the  modified  LOI  tests  and  from  the  pyrolyses  were  broken 
open,  metallized  and  inspected  directly  by  scanning  electron  microscopy.  In 
addition  other  pieces  of  these  chars  were  inspected  after  muffle  furnace 
oxidation  up  to  800“C  had  removed  all  remaining  carbon  and  hydrogen.  Still 
other  pieces  were  inspected  after  digestion  in  aqueous  hydrofluoric  acid  at 
temperatures  up  to  I00°C  to  remove  silicaceous  components. 
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2.3.2  Re  s u 1 1 s 

2.3.2. I Modified  LOI  Chars  and  Their  Oxidation  Residues 

Fig.  15  exhibits  the  char  yields  from  the  modified  BPAC/DMS  LOI 
test  specimens  each  burned  at  its  own  LOI:  yield  is  seen  to  increase  in  rough 
proportion  to  resin  DMS  content.  This  correlation  does  not  extrapolate  to 
the  experimental  yield  of  Si02  obtained  from  the  burning  of  silicone  gum 
(0.65  g./g.)  however,  but  to  a much  higher  level. 

When  a duplicate  set  of  specinwns  was  burned  at  01=^1  the  residues 
obtained  were  all  nearly  white.  Small  amounts  of  whispy  soot  deposited  on  the 
tops  of  the  specimens  were  the  only  black  regions.  The  yields  of  these  residues 
are  displayed  vs.  resin  DMS  content  in  Fig.  16.  Again  a roughly  linear  dependence 
is  seen,  the  yield  rising  from  zero  for  BPA  polycarbonate  and  extrapolating  to 
0.8  g./g.  of  resin  (the  theoretical  maximum  yield)  at  100'^,  DMS. 

Finally  specimens  of  three  resins  were  burned  at  01=^1  but  quenched  by 
changing  to  01=0  as  soon  as  the  flame  died  out.  The  weights  of  these  chars  are 
compared  to  those  produced  by  burning  at  LOI  in  Fig.  15.  The  similarity  in 
weights  of  char  from  the  two  procedures  reinforces  the  belief  that  atmospheric 
oxygen  level  has  little  effect  on  char  production  during  the  flame  stage  of 
combustion  as  long  as  this  level  is  great  enough  so  that  all  of  the  pyrolyzable 
products  are  evolved. 

The  compositions  of  the  modified  LOI  chars  are  displayed  in  Fig.  I7  vs. 

Resin  DMS  content.  In  support  of  visual  observations  the  silicon  content  rises 
steadily  with  DMS  content.  The  slight  break  in  this  curve  occurs  at  the  same 
DMS  content  as  the  LOI  maximum. 


The  fractional  retention  in  the  char  of  silicon  originally  present  in  a 
given  resin  is  obtainable  by  combining  total  char  yield  with  char  silicon  content. 
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This  quantity  is  displayed  vs.  resin  DMS  content  in  Fig,  18  for  several  BPAC/DMS 
resins.  A correspotiding  quantity  for  carbon  is  also  displayed.  Finally,  since 
the  aromatic  carbons  and  hydrogens  are  undoubtedly  much  more  stable  than  are 
their  aliphatic  counterparts  or  the  carbonate  carbon,  the  carbon  and  hydrogen 
contents  of  the  chars  are  plotted  in  Fig,  igas  a fraction  of  aromatic  carbon 
and  hydrogen  in  the  resin. 

The  macrodensities  of  several  chars,  determined  by  the  sand  method,  are 
displayed  vs.  resin  DMS  content  in  Fig.  20.  No  density  maximum  or  minimum  at 
the  DMS  content  of  the  LOI  maximum  is  evident,  though  the  scatter  seen  here 
would  admittedly  obscure  any  trends  but  the  most  pronounced. 

2. 3.2.2  LOI  Char  Oxidation  Kinetics 

The  length  of  the  afterglow  period  is  plotted  vs.  DMS  content  in 
Fig.  21  in  contrast  to  the  trends  in  Figs.  15-16  the  shape  of  this  plot  mimics 
the  shape  of  the  LOI  vs.  DMS  plot  (Fig.  6). 

Two  other  notable  aspects  of  the  afterglow  process  connected  with  the 
progress  of  this  phase  of  burning  should  be  described.  First  a distinct 
geometric  difference  between  the  burning  up  of  the  chars  from  polycarbonate 
and  its  silicone  block  polymers  was  apparent.  During  this  process  the  poly- 
carbonate char  became  steadily  smaller  in  diameter  and  more  porous  as  well. 

The  whole  remainder  of  the  char  at  any  point  glowed  uniformly.  By  contrast 
this  process  in  the  block  polymers  left  the  total  residue  diameter  constant; 
rather  the  fuel  in  the  outside  regions  was  consumed  first  leaving  a dead,  white 
outer  shell  and  at  intermediate  times  a smaller  core  of  glowing  material  in  the 
center  of  the  specimen. 

The  kinetics  of  weight  loss  during  the  afterglow  period  were  explored 


w i th  the 


BPA  polycarbonate  and  two  block  polymers.  In  Fig.  22  weight  loss 
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ciuriiiq  this  period  is  dispioved  vs.  Itu'  quenchinci  time  (leiiqth  of  time  from  t h<- 
sijrt  of  ofterqlow  to  the  point  that  the  qlow  died  out  as  a result  of  the  switch 
to  lOO'f',  nitrogen  in  tiie  atmospl)t're)  . Unexpectedly  the  oxidation  rate  of  the 
outer  portions  of  the  block  polymer  chars  was  seen  to  be  little  different  from 
that  of  polycarbonate  itself.  Thus  these-  results  suggested  that  the  long  after- 
glow period  (5f  the  block  polyiiH-rs  arose  from  a much  reduced  late  of  weight  loss 
frcxi)  the  innermost  portion  of  the-  char. 


2 . 3 . 2 . 3 Pyrolysis  Chars 

The  yields  of  pyrolysis  char  plotti'd  vs.  resin  DMS  content  display  a 
prc)nounced  iiuiximum  at  the  DMS  content  of  the  lOI  maximum  (fig.  23).  In  addition 
a minimum  in  yield  at  PMS  sc-cv.is  to  be  present. 

On  complete  oxidation  at  800"C  these  pyrolysis  chars  Ic-ave  a white  residue 
(presumably  S i 0^  at  this  [Hiitu)  having  the  same  form  as  the-  original  char.  The 
yield  of  this  residue  c-xpre'ssed  as  fractional  retention  of  resin  silicon  shows 
a very  sharp  (naximum  at  the  PMS  rontent  of  the  LOI  maximum  (Tig.  2*)).  A 
subtraction  of  this  material  as  retained  SiO,  allc^ws  the  total  yield  of  carbon, 
hydrogen  and  carbonate'  oxygen  in  the  char  to  In'  plotted  in  the  sank'  graph. 

The  macrodens  1 t i c's  cif  tiu'  pyrolysis  chars  from  BPA  polycarluinate  and  otie 
block  pcilymer  of  2^'t.  silicone  were  found  by  the  sand  iiH'thod  to  he  0.3^i  and  0.2  7 
g/ml  , respc'ct  i v<' ly . Tin'  v.ilui'  for  the'  hoiiKipol  ynx' r char  is  more  than  twice  that 
of  the  char  from  the'  tiKtdilied  lOI  te'st  (fig.  20).  That  of  the  hlcick  polyuvr  is 
also  higher  than  obtained  from  tin'  LOI  te'st,  though  the  difft'cence  is  not  as 
great.  In  any  c.isc  the  two  v.iluc's  for  the  pyrolysis  chars  are  sufficiently 
similar  that  the  calculated  compar.it  i ve'  e f feet  I ve'iiess  of  these  chars  as 
thermal  insulators  nc't'ds  little  correction  for  density  differences. 
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The  weiqht  losses  from  air  oxidation  at  580"C  of  the  pyrolytic  chars  of 
BPA  polycarbonate  and  of  I08l<b3' I 33' 1 1 (25'-^  OMS)  are  shown  vs.  tinv  in  Figs.  2f>a 
and  b.  Compared  in  terms  of  total  residual  weight  vs.  time  a large  difference 
in  resistance  stems  to  devt'lop  in  the  latter  stages  of  oxidation.  However  in 
terms  of  residual  consunvnable  weight  the  oxidation  kinetics  are  essentially 
i nd i s t i ngui shah le . 

In  Table  10  the  compounds  that  were  mixed  with  SE-30  silicone  gum  are  listed 
in  order  of  their  effectiveness  in  inducing  silicon  retention  in  their  pyrolysis 
chars.  Of  the  materials  tested  it  appears  that  the  iix-)st  effective  ones  are  those 
of  high  nwlecular  weight  having  free  aryl  hydroxy  or  aryloxy  groups.  On  this 
basis  presumably  d i phony  1 carbonate  is  slightly  active  because  decomposition 
produces  phenoxy  intermediates.  Those  liguids  which  boiled  without  decomposition 
at  relatively  low  temperatures  (e.g.  h naphthol  and  the  phenylene  ether  tetramer) 
gave  rise  to  no  silicon  retention  because  boiling  renwved  them  before  the 
temperature  became  high  enough  for  reaction. 

Presumably  pyrolysis  of  many  of  these  mixtures  under  pressure  would  have 
given  much  greater  silicon  retention. 

2 . 3 . 2 . 14  Microscopy  of  BPAC/PMS  Chars 

Electron  microscopy  of  the  LOI  chars  of  the  BPAC/DMS  resins  revealed 
friable  electron-dense,  heat  resistant  layers  (Fig.  26)  similar  to  those  seen  in 
the  BPFC/DMS  resins  previously.  In  addition  rippled  layers  of  density  inter- 
mediate between  those  of  undegraded  resin  and  the  friable  layers  were  also 
found  (Fig.  2/ ) . (St  ereo  pairs  show  that  the  ripples  are  a stick-slip  effect 
on  the  cutting  surfaces.)  Electron  microscopy  of  the  pyrolysis  char  from  the 
block  polymer  of  greatest  LOI  showed  the  char  structure  to  consist  entirely 
of  friable  electron-dense  layers  (Fig.  28)  similar  to  those  in  Fig.  ?6 . On 
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S i 1 i con 

Re  tent  ion 

in  Chars 

t'rom  Py  rol ys  i s 

of  Silicone  Gum  Mixtures 

• 

Compound 

B.P. ("C) 

M i xt  lire 

Wt QMS 

Re t a i ned  S i 1 i con {%) 

Bisplu'nol  fluoronono 

360 

'♦60- 600  c a 

26 

12.2 

tctruphony  1 di  phctioqui  none 

'♦88 

'♦00-600  7 

26 

'♦.2 

Bisphonol  acclono 

228 

'♦10 

20 

1.6 

2,6  d i pheny 1 phenol 

2't6 

'♦00-600? 

12 

1.3  ! 

1 

1 

diphenyl  corhonate 

2 I't 

306 

20 

1 

0.63  ' 

phenol -s t opped  pheny 1 ene 
ether  telramer 

'♦'♦6 

? 

26 

o.'^  1 

! 

t'-naphthol 

160 

206 

32 

0 1 

1 

hydroqiii  none 

108 

2 86 

'♦0 
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this  bosis  it  seems  evident  that  the  friable  layers  are  the  end  produce  of  pyrolysis 
while  the  less  dense,  more  deformable  layers  are  resin  in  an  intermediate  state  of 
degradat ion. 

With  the  LOI  specimens  the  friable  layers  could  usually  be  found  in  the 
thinnest  part  of  the  char,  i.e.  the  char  last  produced  by  the  advancing  flame 
front,  wh i di  suggests  their  importance  in  protecting  underlying  resin  from  the 
very  start  of  combustion. 

Scanning  electron  micrographs  of  the  interior  of  modified  LOI  chars  show  that 
their  morphology  is  highly  dt'pendent  on  resin  DMS  content.  Thus  BPA  polycarbonate 
and  block  polynn'rs  up  to  about  20^.  DMS  produce  interior  char  nwrphologies  comprised 
of  curved  mt'mbranes  punctured  freguently  by  holes  (Figs.  29  & 30).  The  holes  have 
lips  that  are  clearly  the  remains  of  bubbles  that  fornK'd,  burst,  collapsed, 
retracted  and  then  becann’  fixed  in  shape  by  the  completion  of  pyrolysis.  In  one 
case  a bubble  was  found  that  becanv  fixed  in  shape  just  as  (or  pet+iaps  before)  it 
broke.  (Fig.  31)  Above  20');  sil  i cone  or  so  the  morphology  of  these  chars  becomes 
more  and  nxire  similar  to  those  of  open  cell  foams.  (Figs.  32  .iiul  33) 

All  parts  of  the  pyrolysis  chars  exhibit  nxi t pho I og i es  similar  to  those  of 
the  interiors  of  the  counterpart  LOI  test  ch.trs  (e.g.  Fig.  3A  vs.  Fi(j.  30). 

These  char  morpimlogies  are  preserveil  when  either  the  siliion  is  remiived 
by  hydrofluoric  acid  treatnx'nt  or  the  cartoon  and  hydroqeti  are  oxidirevl,  either 
by  burning  as  in  the  nxidified  101  test  g I iiw  pt’ r i od  or  by  800"C  i r oxidation 
in  the  muffle  furnace.  (Fiif'.  3S  and  3b  vs.  figs.  32  atul  30l 

Moreover  HF  treatnx'nt  of  microtorm'd  sections  fails  to  produce  holes  detect- 

O 

able  by  transmission  electron  microscopy  (i.e.  holes  larger  than  20A,  the  size  of 
the  grains  of  the  cartmn  support  film)  suggesting  that  the  silicon  is  distributed 
on  a molecular  scale. 

The  morphologies  of  the  outeriiKist  regions  of  the  LOI  chars,  regardless  of 


resin  composition,  differ  greatly  from  those  shown  in  Figs.  29  to  38. 
Whether  black  or  white  these  exterior  regions  all  consist  of  collections  or 
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di'posits  of  fine  porticlos.  Tho  anKiimt  of  deposit  is  smoll  in  the  c.ise  ol  RPA 
poly  corbonote  (Fiq.  37)  hut  qrokvs  lorqer  with  resin  DMS  content.  Occ.is  i on.i  I 1 y 
these  deposits  shi>w  j nuirkedly  lominar  form,  the  laminu  conforminq  to  the  shape 
of  tho  char  surface  (Fiq.  30).  These  sh.ipes  suqqest  vapor  flo»v  directions. 

2 . 3 . 2 . 5 Pyrcilysate  Constituents 

The  pyrolytic  deqiadaticw  ol  BPA  polycarbonate  produces  a host  ot  • 

volatile  products  iticludinq  water,  methane,  carbon  dioxide,  bisphenol-A,  phenol, 

[ Wt  is] 

various  alkyl  phenols,  and  isopropenyl  phenol.  ’ The  pyrolysis  ol  [uily- 

diim’thyl  siloxane  at  bOO^C  produces  silicone  cyclics;  at  hiqher  temperatures 
hydroqen,  methane  atul  C2  hydrocarbons  are  produced  also.^'^’^ 

The  analysis  of  the  pyrolysates  from  BPAC/PMS  polvnx'rs  here  is  still  in  a 

rudimentary  state.  Several  siqnificani  tliinqs  are  already  clear  tuxvever:  a)  The 
pyrolysate  from  the  one  block  polynH'r  pyroly/i'd  in  quantity  1 lOS^b- 1 3 3- 1 1 
(25')l  DMS)  ] contains  major  protlucts  additional  to  those  found  in  the  pyrolysates 
of  the  counterpart  honxipolyiix'rs  ; b)  Silicon-2'1  Four  i e t Trans  torm  nMR  has  revealed 
a nx'thyl  trioxy-s i lane  compound  and  a larqer  quantity  ol  a broad  d i s t r i but i vm 
of  orqanos i 1 i cates  ; c)  Gas  ch romatoqraphv  up  to  300"C  has  separated  one 
component  from  the  block  polynx'r  pyrolysate  not  present  in  that  from  PPA  poly- 
carbonate. Mass  s pe  c t ronx' t ry  indicated  that  this  comt>onent  is  a trioxy  silicon 

compound  of  mass  272  havinq  a structure  like  that  shown  below. 

CH  OH 

\ / 


Si 
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2.3.3  Pi scuss i on 

The  experiments  described  above  make  it  clear  that  LOI  char  has  a two-fold 
nature:  an  in  situ  pyrolytic  char  and  what  might  be  termed  soot  or  condensed 
smoke.  The  mature  in  situ  pyrolytic  char  consists  of  homogeneous  continuous 
membranes  or  strings  of  friable  material.  The  soot  consists  of  weak  collections 
of  carbonaceous  and  silicaceous  particles.  Soot  is  found  of  course  on  the  exterior 
(particularly  the  uppermost  regions)  of  the  burnt  specimen,  being  deposited 
from  the  inner  regions  of  the  flame  largely.  Soot  is  also  found  in  pockets  of 
the  in  situ  char , although  in  smaller  amounts. 

These  experiments  also  suggest  that  the  coupling  between  the  characteristics 
of  whole  LOI  chars  and  the  LOI  synergism  is  weak  at  best.  Of  all  these  charac- 
teristics only  the  afterglow  period  mimics  LOI  in  its  dependence  on  resin  DMS 
content  (Fig.  21).  And  this  appears  to  be  the  case  only  because  variations  in 
the  time  for  complete  oxidation  of  the  in  s i tu  portion  of  the  LOI  char. 

2.3.3. 1 

LOI  is  correlated  best  with  pyrolytic  char  yield;  however,  as  seen 
in  Fig.  39  the  correlation  is  significantly  different  from  that  found  by  Van 
Krevelen^'^^  for  a wide  variety  of  organic  polymers.  Indeed  all  of  the  block 
polymers  of  the  3PAC/DMS  family  fall  on  a line  that  includes  silicone  gum 
itself.  Curiously  BPA  polycarbonate  itself  lies  on  Van  Krevelen's  line  rather 
than  the  block  polymer  line. 

Van  Krevelen  pointed  out  that  charring  results  in  a corresponding  decrease 

in  the  yield  of  combustible  vapors  which  in  turn  results  in  an  increase  in  LOI. 

This  effect  was  thought  to  be  the  basis  of  the  general  organic  polymer  correlation 

in  Fig.  39.  This  effect  may  well  contribute  to  the  block  polymer  LOI-char  yield 


Relationship  Between  Pyrolytic  Char  Yield  and  LOI  in 
the  BPAC/DMS  Fami ly 
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correlation.  It  is  clear  however  that  other  effects  leading  to  an  additional 
6 to  16  points  in  LOI  enhancement  must  be  involved.  (Moreover  if  the  yield  of 
SiO  is  subtracted  from  the  yield  of  pyrolytic  char  (dotted  line)  the  difference 
between  the  two  correlations  appears  even  greater.) 

At  present,  it  is  not  clear  what  effects  are  responsible  for  the  difference 
in  the  LOI  correlation  lines  in  Fig.  39.  Several  possibilities  for  the  BPAC/DMS 
resins  are  as  follows: 

1)  Their  pyrolytic  residues  are  transport  barriers  (oxygen  and/or  heat 
in-,  pyrolytic  vapors  out-). 

2)  An  additional  flame  retardant  mechanism  separate  from  char  formation 
exists  that  springs  from  the  same  underlying  cause--a  sister  mechanism 
so  to  Speak. 

3)  An  additional  separate  property  operates  to  enhance  the  effectiveness 
of  the  silicone  resin  chars,  a property  not  found  in  BPA  polycarbonate 
i tse If. 

These  possibilities  are  each  discussed  below. 

First,  it  is  questionable  that  the  pyrolysis  char  functions  additionally 
as  an  oxidation  barrier  as  originally  proposed. Such  a function  contradicts 
the  general  view  of  the  burning  of  organic  solids,  i.e.,  that  the  inner  region 
of  the  flame  is  usually  a reducing  atmosphere  and  that  pyrolysis  only  occurs 
in  this  solid.  (This  is  not  always  the  case,  however. ) ^ ' ^^ 

Moreover,  the  intrinsic  oxidation  resistance  of  char  appears  to  be  independent 
of  retained  silicon  content  (Fig.  25).  Therefore,  the  total  time  to  oxidize 
completely  the  pyrolytic  char  resulting  from  a given  quantity  of  resin  should  be 
proportional  to  the  yield  of  that  char  (Fig.  2A) . In  turn  this  conclusion  would 
imply  that  the  LOI  vs.  % DMS  curve  (Fig.  6)  should  reach  a minimum  at  -6^  DMS 
before  rising  to  a maximum  at  '•201^  DMS.  This  does  not  seem  to  occur. 
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Second  it  is  possible  though  not  likely  that  the  pyrolytic  char  functions 
primarily  as  a thermal  barrier.  The  macrodensities  of  the  pyrolytic  chars  (Fig.  20) 
plus  their  estimated  microdensities  (1.5  to  2.2  based  on  the  densities  of 

amorphous  carbon  and  silica)  show  that  the  chars  contain  75  to  30%  void.  They 
are  presumably  good  thermal  insulators  therefore.  However  the  soot  has  an  even 
greater  void  content  and  should  thus  contribute  substantially  to  thermal  insul- 
ation; this  suggests  that  LOl  would  tend  to  correlate  better  with  total  LOl  char 
yield,  which  is  not  the  case.  Moreover  there  is  no  evident  reasori  that  the 
BPAC/DMS  pyrolytic  residues  should  be  superior  in  this  regard  to  those  of  any 
of  the  non-silicone,  char-forming  polymers. 

The  third  possibility,  that  the  char  may  restrict  the  outward  transport  of 
pyrolysates  was  suggested  originally  by  the  occurrence  of  decrepitation  during 
the  burning  of  LOl  specimens.  An  examination  of  notes  taken  during  the  LOl 
tests  indicated  that  decrepitation  occurred  with  all  BPAC/DMS  block  polymers 
but  tended  to  be  most  audible  with  resins  of  highest  LOl.  Thus  the  build-up 
of  pyrolysate  gas  pressure  seemed  to  correlate  with  char  yield  crudely. 

This  correlation  was  reinforced  by  the  scanning  electron  micrographs 
showing  widespread  bubble  formation  in  pyrolysis  and  in  situ  chars  from  resins 
of  low  silicone  content  (Figs.  30,  31  and  3^).  However,  the  same  micromorphology 
is  found  in  the  char  from  BPA  polycarbonate.  Moreover  the  change  in  char 
morphology  above  18%  silicone  to  an  open  celled  one  seemingly  incapable  of 
restraining  vapor  efflux  (Fig.  33)  is  not  matched  by  a decrease  in  effectiveness 
in  enhancing  LOl  when  viewed  in  terms  of  yield  of  char.  In  other  words,  chars 
of  open-cell  morphology  are  just  as  effective  on  a yield  basis  as  are  those 
of  closed-cell  morphology  in  enhancing  LOl. 

Two  conceivable  sister  mechanisms  to  char  formation  involve  soot  and  smoke. 
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It  is  clear  that  the  formation  of  carbonaceous  soot  removes  fuel  from  the  flatiH'. 

It  is  also  known  that  black  soot  and  smoke  particles  are  efficient  at  transferring 

[ 1 8] 

energy  out  of  flames  by  radiation.  Both  effects  would  tend  to  raise  LOI. 

BPA  polycarbonate  burned  with  relatively  little  soot  or  snxake  production. 

However,  all  BPAC/DMS  resins  burned  with  the  formation  of  moderate  to  copious 
quantities  of  soot,  some  of  which  re-deposited  on  the  upper  parts  of  the  LOI 
char.  Even  9827-X  the  block  polymer  with  the  lowest  silicone  content  produced 
large  quantities  of  black  coarse  smoke.  With  increasing  silicone  content  the 
smoke  and  soot  become  increasingly  white  and,  of  course,  the  increasing  LOI 
char  yield  (Fig.  15)  implies  that  the  amount  of  matter  from  which  smoke  can 
be  formed  decreases.  Both  changes  should  lead  to  a decrease  in  energy  loss  by 
radiation  from  the  flame. 

The  fact  that  even  the  block  polymer  with  the  least  silicone  content, 

9627-X,  gave  large  amounts  of  coarse  black  soot  suggests  the  possibility  that 
volatile  pyrolysis  products  containing  fragments  from  both  blocks  are  effective 
initiators  of  soot  formation.  In  turn  it  would  be  likely  that  these  interblock 
volatile  fragments  are  formed  by  the  same  chemistry  basically  that  leads  to 
a maximum  in  pyrolytic  char  yield.  The  delay  of  the  outward  transport  of 
pyrolysates  by  the  closed  cell  char  morphology  seen  at  low  DMS  contents  could 
be  responsible  for  maximizing  the  yields  from  such  chemistry.  If  so.  pyrolysis 
under  pressure  should  lead  to  a dramatic  increase  in  pyrolytic  char  production 
from  these  resins. 

Finally  another  separate  property,  nx?  1 1 viscoelasticity,  may  conceivably 
enhance  the  effectiveness  of  the  pyrolytic  chars  of  the  block  polymers.  This 
thought  springs  from  several  observations.  First  the  importance  of  melt 
viscosity  to  the  formation  of  a stable  residue  shell  on  styrene-silicone  LOI 
specimens  was  noted  earlier.  Second,  the  BPA  polycarbonate  exhibits  a large 
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melt  cap  only  part  of  which  is  covered  by  char.  (Fig,  7a)  By  contrast  all  of 
the  block  polymers  in  this  family  and  silicone  gum  itself  are  covered  by  char 
residue.  The  BPAC/DMS  block  polymers  are  known  to  have  high  melt  viscosities 
and  elasticities  thought  to  be  due  to  the  resistance  to  deformation  caused  by 
the  microdomain  boundaries. 

Moreover  it  seems  likely  that  the  rheological  characteristics  of  the  melt 
change,  as  pyrolysis  proceeds,  in  ways  that  depend  on  composition:  specifically 
the  production  of  the  rubbery  and  horny  intermediate  materials  during  pyrolysis 
implies  a process  of  cross  linking  involving  both  blocks.  The  concept  of  a 
degrading  resin  sustaining  a high  degree  of  deformab i 1 i ty  to  very  high  temperatures 
and  high  degrees  of  conversion  to  final  char  product  is  appealing  as  a mechanism 
of  retaining  the  pyrolysate  products  that  are  responsible  for  enhancing  char 
and  soot  formation. 


2. 3. 3.2  Pyrolytic  Char  Yield  Maximization 


A question  of  equal  importance  to  that  of  the  role  of  char  in  LOl 
enhancement  is  that  of  the  mechanism  by  which  pyrolytic  char  yield  is  maximized 

I 

at  about  20%  DMS.  Though  by  no  means  clear  this  mechanism  would  appear  to 
revolve  about  two  coincidences.  The  first  is  that  char  morphology  begins  to 
become  an  open-cell  one  above  20%  silicone.  The  second  is  that  the  mole  ratio 


of  BPA  to  DMS  is  1 at  22%  DMS. 


Modeling  the  formation  of  pyrolytic  char  might  well  start  by  likening  this 
char  to  a leaky  chemical  reactor  inside  which  reactions  go  on  under  pressure 
that  can^  i f contained  long  enough,  lead  to  more  of  the  reactor  wall  material. 

At  intermediate  stages  of  reaction  the  important  products  of  the  reactions  are 
volatile  however.  Thus  the  leakier  the  reactor  the  less  its  ability  to  retain 
the  very  products  that  thicken  its  walls  on  further  reaction. 
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In  such  a model  the  leakiness  of  the  reactor  (char)  would  be  related  to 
the  degree  to  which  the  char  has  an  open  cell  morphology.  This  morphology  is 
set  while  the  degrading  resin  still  has  a rubbery  character.  Presumably 
ultimate  properties  of  this  material  depend,  e.g,  on  gel  content  and  crosslink 
density  as  with  normal  rubbers. 

Crosslinking  and  chain  scission  reactions  would  compete  and  thus  define 
the  character  of  the  network.  Rates  of  cross  1 i nk i ng , thought  to  involve 
moieties  of  both  blocks  should  be  fastest  where  reactant  stoichiometry  is 
ideal,  i.e.,at  a 1:1  BPA:DMS  mole  ratio.  The  rate  of  chain  scission  would 
rise  with  excess  DMS  since  the  latter  would  tend  to  be  split  out  as  volatile 
cyclics  to  an  ever  greater  extent.  This  alteration  in  the  ratio  of  crosslinking 
and  scission  reactions  would  limit  network  buildup  and  bring  on  the  change  to 
an  open  cell  char  morphology. 

Although  a drop  in  carbon  retention  below  20^  resin  DMS  would  be  expected 
by  this  rationale,  the  observed  drop  to  levels  below  that  from  homopolycarbonate 
is  hard  to  rationalize.  Harder  yet  to  rationalize  is  the  drop  toward  zero  in 
silicon  retention.  One  inference  of  this  behavior  is  that  the  rate  of  the 
crosslinking  reaction  that  leads  to  silicon  retention  involves  DMS  concentration 
to  a power  greater  than  one,  while  that  of  cyclic  formation  is  first  order  in 
DMS  content. 

i 

2. 3. 3*3  Chemistry  Underlying  Pyrolytic  Char  Yield  Maximization  > 

The  exploration  of  the  crosslinking  chemistry  peculiar  to  the 
BPAC/DMS  resins  has  clearly  just  begun.  The  fact  that  trioxy  and  tetroxy  1 

silanes  have  been  detected  in  the  pyrolysate  from  one  block  polymer  strongly  [ 

suggests  reactions  between  BPA,  various  phenols,  their  anions  and/or  their 
radicals  (or  polycarbonate  chain  fragments  having  these  ends)  with  the  methyl- 
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silicon  bond  resulting  in  the  formation  of  a wide  range  of  volatile  products  and 

a crossl inked  network.  The  network,  at  least  in  an  intermediate  stage  of 

maturation  is  pictured  to  have  a variety  of  bridges  between  siloxane  chains 

such  as  those  in  Fig.  AO.  The  formation  of  these  specific  bridges  is  suggested 

by  two  sets  of  experimental  evidence:  1)  the  yields  of  Si02  from  the  pyrolyses 

of  the  mixtures  of  silicone  gum  and  the  bisphenols  and  related  compounds  (Table 

10)  and  2)  previous  observations  of  the  susceptibility  of  the  carbon-s i I i con 

[19] 

bond  to  attack  by  strong  bases  at  much  lower  temperatures. 

Since  hydrogen  abstraction  reactions  occur  readily  at  high  temperatures, 
it  would  not  be  surprising  if  carbon-carbon  bond  formation  involving  the 
silicon-methyl  carbon  and,  e.g.,the  *4-carbon  of  the  phenolic  fragments  of  BPA 
decomposition  occurred.  (That  some  silicons  may  be  tied  into  the  pyrolytic 
char  by  carbon-carbon  bonds  is  also  suggested  by  the  pyrolysis  chemistry  of 
polydimethyl  s i loxanes ^ and  the  fact  that  digestion  of  chars  in  hydrofluoric 
acid  has  so  far  removed  only  2/3  of  the  silicon  present.) 

2.3.3.^  Future  Work 

Many  avenues  of  exploration  in  understanding  and  optimizing  the 
BPAC/DMS  flame  synergism  and  extending  it  to  other  systems  lie  open.  Probably 
the  first  priority  is  to  elucidate  the  chemistry  of  pyrolytic  char  formation. 
Partial  degradations,  the  effects  of  pressure  on  yield,  chromatographic 
separations  of  char  and  pyrolysate  products,  and  product  analysis  by  a variety 
of  techniques  like  the  ones  already  described  would  lie  at  the  core  of  this  work. 

Another  avenue  of  work  is  focused  on  optimizing  the  LOI  synergism  in  the 
BPAC/DMS  system  in  terms  of  silicone  composition  and  block  length.  Synthesizing 
small  quantities  of  several  block  polymers  of  1^  to  22%  DMS  content  and  several 
DMS  block  lengths  from  D.P.p  ~ 5 to  15  should  aid  considerably  in  defining  the 
maximum  LOI  obtainable  and  assessing  its  reproducibility.  Once  this  objective 
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is  attained  syntheses  scale-up  of  a select  resin  should  permit  the  fabrication 
and  testing  of  large  scale  flame  test  specimens  (e.g.  for  radiant  panel  and 
various  flame  spread  tests.) 

Still  another  important  avenue  of  exploration  concerns  the  mechanism(s) 
by  which  the  BPAC/OMS  pyrolytic  chars  are  so  efficient  compared  to  chars  from 
all-organic  polymers  in  raising  LOI.  For  this  study  a variety  of  measurements 
related  to  the  LOI  test  might  be  implemented--measurements  e.g.  of  flame  spread 
rates,  radiant  energy  losses,  flame  temperatures,  soot  and  smoke  yield  and 
compos i I an.  Useful  supplemental  tests  might  include  measurements  of  heats  of 
combustion  of  each  resin,  its  pyrolytic  and  LOI  chars  and  its  collected  soot 
and  smoke.  Pyrolysis  of  thin  films  might  allow  expe r i nx;n ta I assessment  of 
pyrolytic  chars  as  transport  barriers.  Finally  understanding  the  chemistry 
of  BPAC/OMS  pyrolytic  char  formation  should  lead  to  trials  of  other  selected 
model  mixtures  in  order  to  assess  which  other  silicone-organic  polymer 
combinations  might  exhibit  LOI  synergisms.  Synthesis  of  appropriate  block  and 
graft  polymers  and/or  formulation  of  the  right  polymer  mixtures  would  provide 
the  ultimate  opportunity  for  testing  this  understanding  and  establishing  the 
breadth  of  its  significance.  A millenial  goal  of  this  work  would  be  to  provide 
economical  non-halogen  flame  retardant  "packages"  for  the  whole  spectrum  of 
organic  plastics  and  for  silicone  rubbers. 
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Figure  1.  Synthesis  Outline  for  BPF  Carbonate-Silicone  Block  Polymers 


Figure  2.  Ground  and  Polished  Section  of  Extfudate  9-l^-77  Showing  Color 
Concentrations  in  Core.  (Transmi ss ion . I8  x magnification.) 


ffiECKOlNO  fiOS  UMK 


a.  Specimen  1-1/2  ft 


b.  Same  Specimen  Lying  on  Typed  White  Paper 


Photos  Through  Ground  and  Polished  1/8  x 3/^  x 1-1/2  in.  Piece 
of  Extrudate  12-28-78  Demonstrating  Its  Low  Color  Level  and  Its 
Freedom  from  Haze  and  Distortion.  Specimen  edge  distortion  due 
to  rounding.  Specks  are  air  bubbles. 
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Figure  8 


Styrene  Family:  Dependence  of  LOI  on  DMS  Content.  (Upper  and  lower 
bounds  set  by  resin  viscosities.) 
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Figure  12.  Diphenyl phenylene  Oxide  Family:  Dependence  of  LOI  on  Silicone 

Content . O “ block  polymer  of  D.P_n  of  ^MS  block  equal 

to  2,  22,  ^0,  respectively.  0 - blend  of  P3O  homopolymer  with 
P3O/DMS  block  polymer.  0-  blend  of  P3O  and  silicone  gum.) 
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Filjure  1^.  Conventional  Schematic  for  Burninq 
of  Solids  with  Char  Formation 
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IS.  HPAC/DMS  Char  Yield  I rom  Modified  LOI  Test(c'l)vs. 

Re*. in  Silicone  Content.  Also  char  yield  from  test 
.It  01  • l|  I followed  l)y  guenchinii  in  pure  n i t roqen 
.It  eiul  of  flactH*  period  of  hurninq(x).  (Dotted  line 
thfoietic.il:  yield  from  BPAC  fi'action  ■ 0.23  q/q.. 

I’  PMS  lonvi  ted  to  S i O2 . Letter  code  in  Table  S.) 
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Figure  16.  White  Residue  Yields  from  Complete  Burning  of 
BPAC/DMS  Specimens  vit  0I  * *<1.  Letter  code  in 
Tnble  5- 
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Figure  17.  Compositions  of  BPAC/OMS  Chnrs  from  Modified  LOI  Tests. 

(Left  h.ind  scale:  carbon  (O)  , Si02  yield  on  complete 
oxidation  (AT,  total  carbon,  hydrogen  + Si02  (X)  , 

Right  hand  scale:  hydrogen  (+) . Letter  code  in  Table  5 


FRACTIONAL  RETENTION 


Figure  l8.  Fractional  Retention  of  BPAC/DMS  Resin  Silicon 
(a)  and  Carbon  (O)  in  Modified  LOl  Char 
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Figure  19.  Carbon  (0)  and  Hydrogen  (a)  Retention  in 
Modified  LOl  Char  as  Fraction  of  Aromatic 
Carbon  and  Hydrogen  Contents  of  Original 
BPAC/DMS  Resins 
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FRACTIONAL  RETENTION 
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Figure  2h . Fractional  Retentions 
in  Pyrolysis  Chars 
from  BPAC/DMS  Resins 
(O  - Sil  i con  yield/ 
DMS  weight  fraction; 

A - (char  yield  - 
SiO  yield)/BPAC  wt . 
f ract i on) 


Figure  25-  Thermogravimetry  of 
Chunk  of  Py rolyt ic 
Char  of  Each  of  Two 
Polymers  (O)  BPA 
Polycarbonate  and 
(□)  I08ii53-I33-I  I 
(25?"  OMS)  , in  Ai  r at 
580°C  ; a)  Fractional 
Total  Weight  {W(t)/ 
W (o) ) vs . Time;  b) 
Fractional  Consum- 
able Weight  ([W(t)- 
WC’^)  l/(Wo-W,,])  vs. 
i me 


Ultrdscction  of  Epoxy- I mproqnat oti  LOI  Ctiar  f roni  2-22-78 
(20?:  OMS)  Showinp  Additional  Layer  ot  Intermediate  Elec 
t ron  Density  and  Greater  Touphness  (rippled  repions) 


Fipure  27 


Figure  29 


Interior  of  Moclifieil  LOI  Test  Chor  from  BPA  To  1 \ c.i  rbotuit 
(scanning  electron  micrograph^ 
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Ficiuro  37-  Ctcise.  Sod  ion  ol  BPA  rolyeorbonoto  LOI  Clini  Showiiuj 
Surf’nco  Dopo-.it  nl  f i no  BKuk  (\iilic!os  ^sooi)  VSLfO 
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Figure  39.  LOI  vs.  Pyrolytic  Char  Yield  for  BPA  Polycarbonate 
(®)  Po  I yd  i iiH't  hy  I s i 1 oxane  (O)  ^nd  Several  of  Theii 
Block  Polyn)ers  of  Silicone  Civitents  Fnual  to  oi 
Less  than  1 iS^)  and  Greater  than  1 (<3^  • 
Pyrolytic  char  yields  (this  work)  for  polysulfone 
(□).  BPF  polycarbonate  (v)  and  P^O  (A).  Dotted 
line:  best  line  for  LOI  vs.  char  yield  - SiO  yield. 
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Flqure  39.  LO I vs.  Pyrolytic  Char  Yield  for  BPA  Polycarbonate 
(#)  Polydimethy Islloxano  (Q)  and  Several  of  Their 
Block  Polymers  of  Silicone  Contents.  Equal  to  or 
less  than  18T.  (Q)  and  qrcator  than  18T.  ((3). 
Pyrolytic  char  yields  (this  work)  for  polysulfone 
(□)  , BPF  polycarbona’te  (v)  and  P^O  (A).  Dotted 
line;  best  line  for  L01  vs.  char  yield  - SiO  yield 
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Figure  ^0.  Some  Possible  Crosslinks  in  Pyrolyzed 
BPAC/DMS  Resins 
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